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ABSTRACT

Large~scale, highw~speed electronic digital computers
are at the present time under rapid development in several labo=
ratories. Unless the mathematics of specific applications are
worked out in detail before these computers become working reali-
ties, there will be an unnecessary delay between the day the
first computer is completed and the day the first useable compu=-
tation is performed.

In this thesis a single practical problem, naval inw-
tact stability study, is reduced to a strictly numerical pro=-
cedure and is programmed in detail for the Whirlwind Computer
under Aevelopment by the M.I1.T, Servomechanisms Laboratory.

Apart from the problem of intact stability study in
which the program can be of specific use, the work presented
demonstrates that a digital computer is capable of performing
not only problems which are inherently numerical, such as the
first half of an intact stability study, dbut also problems which,
like the second half of an intact stability study, are by their
nature graphical (anslog) and are not well suited for digital pro-
cedures.

It is further demonstrated that even with the limited
prototype memory ability of the Whirlwind Computer, problems of

the magnitude of intact stability study requiring twenty to thirty
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man~days of machine-assisted hand computation can be reduced to
a very few man-hours of data preparation and a few computer-

seconds of computation,
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I - Introduction

The rapid present-day development of large-scale, high-speed
electronic digital computers has given rise to a need for investigating
the ways in which solutions of engineering and scientific problems can
be set up to be carried out by a digital computer. Investigations have
been and are being made to determine the most suitable general mumeri-
cal methods of the solutions of systems of algebraic equations, differ-
ential equations, integral equations, and the like. A general procedure
for attacking a given problem having been decided upon, it is then ne-
cessary that the solution be set up in detail (i.e., programmed) using
the order code designed for a particular computer,

The importance of writing a program for a specific problem
lies largely in the fact that few such programs have yet been written.
The programs which have been written are for the most part concerned
with general numerical procedures or with portions of particular prob-
lems, usually without any regard for the size of the numbers inwvolved.
Most present-day computers are so-called fixed point machines in which
the decimal point remains fixed, so that if the numbers resulting from
intermediate computations become small, the significant digits can all
be lost "off the right—hand end", while if they become too large, an
overflow alarm will stop the computer entirely. The problem of keeping
the significant digits "centered" in the computer throughout the compu=-
tation is usually referred to as the "scale factor problem". The tech-

niques used to handle scale factor in a specific problem, although
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immediately applicable only to that problem itself, shed light on a
general procedure which may be applicable to whole classes of prob=
lems.

The present thesis proposes a detailed program by which
the Whirlwind computer being develop&d by the M,I.T, Servomechanisms
Laboratory can be directed to carry out a specific, practical prob-
lem, an intact stability study. The numerical=graphical procedure
currently used by the U.S, Navy's Bureau of Ships in performing such
a study has been used as a basis for formulating a strictly numerical
procedure which has been programmed for the Whirlwind Computer using
the order code already established for that computer currently under
construction at M.I.T.

The intact stability study seems to be a very suitable spe-—
cific problem from a number of points of view. In the first place,
the computation is one that 1s now carried out frequently by hand, so
that it is a practical problem to set up for the computer. Since it
has been carried out regularly, the numerical procedure is well es~
tablished and the magnitudes of the numbers involved are well known.
Furthermore, it is a problem which is not particularly well adapted
for digital computation but is much more easily handled by graphical
(i.e., analog) methods. Consequently in programming it for a digital
computer, one makes a digital machine compete with analog equipment

under conditions most adverse to the digital computer,
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II - Intact Stability Study

Degired results

The set of calculations by which the so-called curves of
form showing the stability characteristics of a ship are computed
from the shape of the hull of the ship is called an "intact stabi-
lity study", the term "intact" being used to differentiate the
study from a "damaged" study, in which various types of hull damage
(e.g., flooded compartmente arising through accidents or combat)
are considered.

"Curves of form", strictly speaking, include two sets of
plotted curves, the first set of which shows the following quantities,
all plotted against the draft, or depth of keel amidships:

A

[SF = displacement in fresh water, measured in tons

displacement in salt water, measured in tons

KB = vertical position of the center of buoyancy, measured
in feet above the base line of the ship
BB = longitudinal position of the center of buoyancy, meas-
ured in feet forward (positive) or aft (negative)
of the midship station
T/in. = tons of displacement per inch of immersion in salt water
BF = position of the center of flotation, measured in feet

forward (positive) or aft (negative) of the mid-

ghip station
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KM = position of the initial transverse metacenter,
measured in feet above the base line of
the ship

MTl = moment required to change the trim of the ship

by one inch, measured in foot tons
The results of a typical study, supplied by the Bureau of Ships,
illustrate these curves of form (Fig. 1).

The second set of curves are called "cross curves of stabi-
lity", and while the cross curves are really part of the curves of
form, convenience and common practice permit the cross curves to be
considered a separate entity, thereby allowing the use of the title
"curves of form" to describe only the set of curves listed above.
The cross curves (shown in Fig. 2) show the righting arm (0Z) as a
function of displacement for a set of given angles of inclinaticen
(roll angle or heel) of the ship. As now carried out by the Navy,
cross curves are plotted for angles of inclination at intervals of
10° between angles of 10° and 80° inclusive.

Source of data

Both curves of form and cross curves are functions solely
of the shape of the hull of the ship in question. The shape of a
hull is given in a lines plan, which is in reality a set of plan
views teken at different heights (waterplanes), a set of side ele-
vation views taken at different widths (buttocks) from the center—
line, and a set of front elevation views teken at different lengths

(stations) along the length of the ship, TFor the purpose of carrying
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out the numerical integrations of an intact stability study by digital
methods, it is necessary only to know the coordinates of the hull for
a selected grid of points. Thus, knowledge of the breadth of the ship
at a set of different stations along the length of the ship and at a
set of different waterplanes along the height of the ship is all that
is necessary in the way of data, Such a set of breadths are readily
available on the front elevation view, known as the body plan, which
shows cross sections of the ship at various, usually equally spaced
stations along the length of the ship., Thus the set of pointe taken
from the body plan (such as is shown in Fig, 3) is the only data needed
for the intact stability study. However, in the procedure currently
used for hand calculation, much of the integration is done with me-
chanical integraphs so that the body plan itself is essential, It
should be noted that the line labelled "deck" in Fig. 3 is really only
the deck line amidships, and that there is a separate deck line im-
plied for each station. Actually, also, the deck usually has camber
rather than being flat as shown in this typical study.
Calculation

A procedure for calculating the desired quantities has been
worked out in detail by the Bureau of Ships and set up in four compu~
tation forms, called Tabulations #1, #2, #3, and #4, examples of which
are reproduced here as Figures 4, 5, 6, and 7. In Tabulation #1, the
area (A), the moment of the area taken about the midship station (M),
and the moments of inertia of the area taken about the midship station

(I5) and about the centerline (IOL) are calculated for each desired
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waterplane, i.e., at the various heights h, by straightforward numeri-
cel integration. The integration is done by the Tchebycheff five-pcint
rule, used for ten stations, which involves simple addition of the
breadthe (times suitable moment arms) at stations chosen at the proper
intervals (called Tchebycheff stations). Since the stations normally
taken for a body plan are equally spaced, it is necessary to lift a
new body plan from the ship's lines before this Tchebycheff integration
can be applied.

In the tabulation, t is the distance of the Tchebycheff sta-
tion from the midship station of the ship, measured as a fraction of
the length of the ship, b/2 is the half-breadth of the ship at the given
station and waterplane, and L is the length of the ship, measured be-
tween the (arbitrarily chosen) forward and after perpendiculars (cor-
responding to the first and last stations, shown as FP and AP on the
body plan). Since portions of the bow and stern project beyond the
forward and after perpendiculars, separate rough calculations of the

A, M, I, and I, must be carried out for these appendages. This is

CL
done by determining the shape and extent of the projection and integrat-
ing by hand and by eye. The results of this separate approximation
work are entered in the boxes labelled "Ford. F.P." and "Aft A.P.",

and, as may be seen in the typical study, the contribution of the ap-—
pendages is relatively small compared to that of the rest of the ship,
even though the effect on M and Iy is heightened by large moment arms.

Tabulation #2 provides for finding volume integrals corre-

sponding to the volume (V) and moments of volume taken about the base
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plane (MV) and about the plane of the midehip station (MI). The area
of cross section (a) of the ship up to each waterplane at the Tcheby=-
cheff statione is found by use of a mechanical area and moment inte-
greph, while the moment about the base of the ship (m) ie found di-
rectly at the same time. The factors c' and c" are the integraph con-
gtants for area and moment respectively, while s is the scale factor
of the drawing, in feet of ship per inch of plan., The integration
over the length of the ship to obtain the volume integrals is again
done by Tchebycheff integration. The contribution of the appendages
is calculated and added in as before.

Tabulation #3, integration of stations in inclined positions,
again depends upon the use of an area and moment integraph, this time
to obtain the area (a) under a rotated waterline at a given station
and the moment of the area (mt) about a rotated vertical line. The
volume integration is by the Tchebycheff rule and the wvolume integrals
are called VI and Mt respectively. Although space is provided for
entering appendage effects, the appendages are seldom considered in
this phase since the difficulties are great for the increased accuracy
obtained. In order to visualize the inclined positions properly, one
must imegine the ship inclined in the water by some angle (in this case,
angles taken at intervals of 10°). The calculation is done in practice
by drawing a vertical line and a set of horizontal waterlines on trans-
perent paper, rotating the ship body plan underneath this waterline

sheet, and running the integraph around the area bounded by the desired
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station and the desired waterline. In Figure 8, the lines labelled
Wl Ll, W2 LE’ W’3 L3, Wu LLL are the desired waterlines, and the ship
section has been rotated about the fixed point KG which is chosen at
an arbitrary height on the vertical centerline., The distance from
the base line of the unrotated body plan to the assumed KG is listed

ag KO on Tebulation #3, and will be known as h, . in the discussion

CcG
of the program later.

Tabulation #U permits the calculation of the final results,
The values which are labelled "plot" are of course those which make
up the curves of form, while the other values, BM, Io’ and BM,, as
well as the quantities marked in by hand, are intermediate results
needed to obtain the final plotted results but of little value them—

selves.

Importance of Intact Stability Study

Representing the Stability Section of the Navy's Bureau of
Ships, Charles L, Wright, Jr., who was the originator of the problem
of applying high-gpeed digital computation to intact stability studies
and who made available the typical study most of which is reproduced
here, stated in a letter to the writer dated September 28, 1948, that
"Intect stability is a fundamental factor in the seaworthiness of a
vessel and must be carefully studied for each new design. Studies are
made during the development of the design and are often repeated when
the final lines are lifted in the shipyard mold loft. If studies
could be carried out in such a short period of time 2s is contemplated

for the Whirlwind Computer, several studies might also be made during
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the preliminary stages of each design to replace the approximations
that are now used. New studies are also made whenever extensive al-
terations are made in the watertight portions of the hulls. Stability
studies are made, not only for naval vessels, but for practically
every type of craft including pleasure boats and merchant ships. Pro-
bably more of these studies are made by small boat designers than by
the Navy, since there are many more different shapes of hulls in the
small boat field."

Furthermore, properly applied digital computation should give
as much accuracy as 1s desired, although accuracy beyond three decimal
digits is hardly worth while. Again according to C. L., Wright, Jr.,
"The accuracy of all curves of form" (particularly cross curves) "would
be appreciably increased if values could be obtained for additicnal
waterlines more closely spaced. Similarly, values at smaller increments
of angles of heel would improve the accuracy of the cross curves of
stability,"

An intact stability study of the type considered here requires
from twenty to thirty man-days of work. For a high-speed digital compu-
ter a similar study could be performed in a matter of seconds, and tak-
ing closer waterlines and smaller angles of increment would lengthen
the time by only a few seconds. Thus use of a computer would not only
save a considerable amount of labor now expended on stability studies,
but would permit more frequent and more accurate studies to be performed.
In fact, the principal objection to the use of a high=speed computer

for problems of this type is that the computing time is so short that
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the seconds or minutes of computer time required to prepare the computer
to solve the problem can hardly be justified. Such considerations sug=-
gest that a possible application of a computer to stability study might
be to carry out a trial-end-error synthesis. That is, with the high
speed of an electronic computer it would be possible to try many hun=-
dreds or thousands of variations of hull shape in order to select the

one with the best stability characteristice of the group.,
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INTACT STABILITY CALCULATIONS

CALCULATED BY:___ . ..MM o
CHECKED BY: TABULATION *|
INTEGRATION OF WATERPLANES L-__ 80 FT.
h-_2 FT hy= % FT hy: & __FT | he=_8 _FT hy: 12 F7
STA. b/2 el (b/2)t | to/2)® b/2 (0/2)® t r2)t | (/2)e? b/2 (br2y’ t (b/2)t | (b/2)42 | br2 b/2) t w2)t | w2t?| b (b/2) t (21t | (br2)e?
| 2.57 vo488 | 1,277 | 539 | 3.26 | Mo | +o.ese | 3 ug3 w | 3.75 | 50 |+oase | 1,728 | .787 | %.06 | 70 [+o.4se | 1.860 | .852 | W46 | 90 | +omse | -2.043 | -.936
2 |82 | 3060 +os4s | 500 179 | 171 | som0 | +0.344 | 5080 | 200 | 28.96 | 6820 |+o3as | 6.522 [ 2.2 | 19.99 | 7990 f+o3es | 6.877 | 2.366 | 20.20 | 9530 | 4+o34s | 7.293 | 2.509
3 | 27,56 | 20930 |+o2% | gm0 |1.722 | 29.u6 | 25570 | +0.250 | 7,165 | 30.48 | 28320 | +o0.250 | 7.620 | 1.905 | 31.14 | 30200 | +o.2s0 | 7.785 | 1.9% | 31.75 | 32010 | +o.2sc | 7.938 __1..:9_“_‘_
4 | 3020 | 27270 )*0s6 | wges | 732 | 320w | 33000 | +0.156 | 5.00u | 782 | 33.19 | 36560 | +ouse | 5.178 | .808 | 33.74 | 38410 |.oise | 5.263 | 821 | 34.00 | 39300 |+oise | 5e30% |  .827
5 | 300 | 27270 | +00%2 | 1064 | .os3 32.04 | 33200 | +0.092 | 1350 | .os7 | 33.19 | 36560 | +cosz | 3.39% [ .058 | 33.T4 | 38410 | 40042 | 1.7 | 060 | 34.00 | 39300 |40.0a2 | 1.428 _+060
6 | 30.10 21210 | - 0002 |3 s | | 053 32.1% | 33200 | -0.0%2 |.1,350 | .057 33.19 | 36560 | -o.042 |=1.39% -058 | 33.7% | 38410 | _oose [-1.A7 | .060 | 34.00 | 39300 |-_oo04p |-1.28 | .00
T lopes | aisol-ouse Luuo | g7 | 3009 | 27500 =006 | .y35 | 3148 | 31200 |-ouse | -¥.911 | 766 | 32.25 | 33540 |-o0.i56 | -5.031 | .785 | 33.08 | 36200 |-o.se |-5.261 | .805|
| 8 |ioms | 7360 -0250 |umee |1.216 | 22,12 | 10820 |-0.250 |-s.530 | 1,382 | 23.82 | 13520 | -o2s0 [ -5.955 | 1.489 | 25.11 | 15830 |-0250 |-6.278 | 1.569 | 27.20 | 20120 |_o250 |<-6.800 | 1.700
9 | am sg0 | -0344 | o s60 | .ox7 | 20.93 1310 | -0.34¢ |_3.760 | 1,293 | 12.57 | 1990 [-o.3es | .32 | 1.488 | 13.85 [ 2660 |0 .34a [-B.764 | 1.639 | 15.98 | 4080 |_o.34s. [-5.H97 | 1.891 |
0 | 1.3 al-oes8 |_ an | .om | 1.63 ol-oase | ug | 1.97 10 |-oaese |=-.902 | .3 | 2.18 10 |-case |-.998 | .u57 | 22 10 |-o0.4s8 |-1.108 508
£ lieo.2y | 238800 5078 lgow  |a1.m2 | 170140 5115 | 901z | 222.60 | 191590 h.946 | 10.016 | 229.80 | 205530 4,714 | 10.555 | 238.09 | 219940 4,012 | 11.280
2/01L (£ (6/2)= ggS (by2)] )
M [0l (s w2 - wosd[S(b/2)e] 0 | - s T - - L ) e j
| Ie oL [z 0/2°) = 355 (by2)’]
In f2/100 > [ (6/21°1= 95, 128,k00(3 (b/2)s2] - =L o TEEEEE e, T T ey
A M I¢ Ig fa} M I Iy A M I¢ Iz A M Ig Ig A M I¢ Ig
FORD. - "
g —— S
PERPS.
s u
T ] as,u52 | 238,400 | 4,336,000 177,260,000] 20,296 | 215,700 | 5,414, 000 onol 21,370 | 227,900 | 6,131,000 p21,500000 | 22,061 | 217,200 | 6,576,600 p33,500,000| 22,857 | 184,870 |7,038,100 ph9,500,000
he=_16 FT h,=_20 FT he:_2% FT hy-_28 _FT ho=_32 FT
STA. | br2 (br2y’ t b2t | br2e® | b2 (b/2)® t w2t | /21t | br2 (b/s2y’ ; b2t | b/2t2 | b2 (/2 t w2t | /2t? | br2 (o/2 t 21t | (b/2)t?
' | w70 | 100 [+04s8 | 5353 | s | n.ga| a0 [to4se | 5 ag | 5.26 | 140 | o458 | 2.363 | 1.082 | 5.45| 160 | soass | 2496 | 1.143 | 5.86 | 200 | 4o45e | 2.68% | 1.229
2 o166 |aous0 | +0394 | 7.620 | 2587 | 22.20 | 10080 | +03¢4 | 7.668 | 263 | 22-59 | 11530 [ vo.ea | 7.771 | 2.673 | 22.86 | 11950 | 4o3as | T.86% | 2.705 | 23.24 | 12550 | 40344 | T-995 | 2-750)
3 | 32,10 33080 | +0.250 | g.025 | 2,006 | 32.34 | 33820 |+02%0 | 5 085 | 202 32.56 | 34520 | 40.250 5-_1"_0“ 2.035 | 32.68 | 34900 | .5 80 | 8-170 2.0&2 32.81 | 35320 | 45250 s.202 | _2'2
4 lmoo | 30300 |+0156 | s.30n | mor | snonlsgsee |*0156 | szon | gay | 3900 [ 39300 f roise | 5.30% | 827 | 34.00) 39300 f o156 | 5.308 ) 827 | 3400 | 39300 | o5 | 3308 |  .827]
5 .00 [390 |*00%2 | 1uzg | o0 | 300 | 39300 |+00s2 | 1uom | oen | 3400 39300 | voose | 32| 060 | 3400 | 39300 | 4004z | 1426 ) [i0H0,| 3800 | 39300 4002 B d B o
6 |00 | 39300 | -002 [anos | o0 | sn.oon| 3s300 | -00%2 | -1mes | opa | 3400 39300 | oo4p | -LME | 060 | 34.00| 39300 f goqp | <12 | .060  3M.00 | 39300 | goq | LA 060
7 |35.5 | 31s00 |-oise |-s.235 | ez | 338 | sesg0 | -0136 | _5.oms | sano | 3389 | 38920 | —ouse | -5-267 | 825 33.90) 38360 o5 | 525 ) 825 | ??’.93{_”_{’.‘"‘.’. -oass | S22 | 626
| 8 [0z |amgo | -02s0 [yom f1sos | 3003 ) zr3s0 [—0as0 | 5 gso |1 gus | 38002 29850 | o0 | 1755 | 1.9%9 | s60) 31340 f o0 | <7900 | 1575 f 32.09 433000 |, | A.022 ) 2005
9 %r;;}_sm —0.344 | g 158 | 2.118 19.71 | 7660 | ~03** | -6.780 | 2.332 21,62 | 10110 | 0,344 | -7_._1537 2,558 | 23.M1 12830 | _ 344 | -8.053 | 2.770 25.05 ‘15720 Sy 4.6177 2.96!1
0 1am —20 1 —0.4%8 l.1. 265 515 3.20 70 | -0458 | 3 uge 671 b, 64 100 | _p4ss | =2.125 973 7.146 420 | _o4ss | <3487 | 1.565 | 10.85 1260 | ;45 | 969 2.216
X 3 10h oy | oug us |oxegsg 2.218 ho.uy | 253.48 | 243070 .97% | 13.032 | 259.36 | 2u8660 - .824 | 13.972 | 265.82 | 255040 -2.715 | 15.049(
A f2noL [ (v/2)]
M feo? (zw2y AR r [ B 4
%I;ﬂa'fz{o;[ rrw2’1 o Wy 7 : oy Uog 0 | =i |
Ig f27000 (= /28] - 1
A M 1¢ Ig A M I Li A M Ig Ta A M I¢ 5 A M I¢ 8
F?':-D - ) 1 150 Negl.
| pemrs | | 24,899 | -38,000 [7,957,100 | 309,000,00¢ 25,519 | =125,110 8,161,300 [332,900,000
o iy S o DR S e e - 6 |-1,50 | Wegr.| moo,00p 59 |- 14,30 300 | 3,500,000]
ToTAt | 23,403 | 143,950 |7,337,000 [262,000,00d 23,851 103,130 |7,579,200 273,000, 24,334 4,900 |7,778,200 |288,300,00q 24,905 | -39,500 |[7,957,100 | 309,400,00p 25,579 | -139,300 [8,161,600 [336,400,000
L.E.C.

FIG. 4
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U.S.S.__ TIPICAL sromy Sy
CALGULATED BY_J. W, ¥,
CHECKED BY __ INTACT STABILITY CALCULATIONS
TABULATION *2
INTEGRATION OF STATIONS IN UPRIGHT POSITION l_=_,l‘_52_FT,
Bioee & FT Ko X LFY hiy= FT. hys_8 FT. hy=_12 FT
STA. a m t at o m o t ot a m ! at a m t at a m t at
Ll Al - 3 +0.458 6.0 30 | 5 | soass | 1347 53 | 12 | +oase | 2h.3 M| 23| +osss | 353 | 129 | 57 | +o0.4se 59.1 |
2 . 2 i +0.344 27.2 176 25 +0.344 60.5 33 | _?‘__ _ +0.344 | 100.8 ) 7"‘10 116 +0.344 1.0 668 278 +0.344 | 229.8 |
3 _1§Z LAE _11 . +0,250 “}E-f_m‘ __HE__ _—y “A 40,250 gk, 0 - 528 109 +0.250 132.0 719 192 +0.250 77.1]'9-,@‘ 1110 _ b3g +0.250 | 277.5 |
Al w3 ] sese | 26 | 369 52 | souse | 57.6 | 562 W | souse | 908 | 784 | 208"| 4ouse | 2223 | 2204 | W2 | souse | 167.8
W - L 13 +0.042 T4 369 - 52 +0.042 E}"E v 552 ' 17 | +o0.0e2 2hb 84 208 | +0.042 32.9 1204 k12 +0.042  50.6
6L . | 3] oo | -74 | 36 52| -oose [-15.5 582 U7 | -oosee | =204 | 784 | 208 | —oos | -32.9 | 1204 | w2 | -oos | -50.6 |
. g b —ouse | M | 336 ] —oase |54 | 53 108 | -owse | =853 | 728 | 197 | —ouse | -113.6 | 123 451 | -o.se | -175.2
[ 8 ] 2% [ 8 | omso | B0 | 256 | 33 | -qeso |90 | 319 | 8 | _oeso [ -98 | 530 |  w| —oeso | <1325 | s [ 3 | -o2s0 | -;3.0
| 9 f ¥ 3 | oses | 124 | % ] I8 | -o3es |-32.3 365 | %0 | o3 | =568 250 | 75| -o3ses | -86.3 | w9 | 190 | —o03es | 2500 |
10 7 1 —o.4%8 - 3.2 19 3 e 29 7 - - 13.3 Lo 13 | —o.4s8 - 18.3 123 3n —0.458 | - 32.5
I | 1083 8 6.6 | 233 33 63.4 3727 m 99.9 5107 1387 1277 8004 3213 182.5
V_ | (006 s Lzalm Jox . oahsks0xfEa] =30.72) xBa ] m -~ )
My | (o s3 LismI= Lox 16247 2ug0xl5m] = Uof.52[> a S
M | 0/00c 5% 2 LzatT™ T -O‘lx‘*zxMD?i[_Z;]_TﬂE%[}:n] LR iP=DEE R - . 3 2
v My M, v My M) v My M ' M, M, v My M
i
PERPS.
ot
TOTAL | 33,300 40, 000 540,000 71,700 162,700 935,000 114,490 379,000 1,473,000 156,890 682,000 1,883,000 245,900 1,579,300 2,690,000
hs - _16 FT h1= 20 f7, ha’ 2 ET. hg‘-‘ 28 FT h;o=_£_FT.
STA. a m t at a m t at a m t at o m £ at a m t at
! 186 107 +0.458 £5.2] 247 176 +0.458 | 113.1 310 264 +0.458 2.0 373 313 | +oaess | 170.8 | Wy 504 +0.458 204.7
2 934 525 +0,344 321.3 1220 832 +0.3¢4 | ¥29.7 1503 1225 | 40344 517.0 1778 1683 | +0344 | 611.6 2068 2008 | 40344 | 7114
L 130 to2s0 | 378.2 | 1920 1253 | +o.zso | 4%0.0 2325 1819 | +o2s0 | 581.2 | 2123 2476 | +0.250 680.8 | m2a | 339 | +o2s0 | 780.2 |
4 1628 847 +0,156 254.0 39_51:1 1327 +0.156 _321:5\ 2489 | 1928 +0.,156 388.3 2905 | 2616 | +0.86 453.2 3332 313 +0.156 519.8
S | 1628 8u7 +0.0s2 | 684 | 2061 1321 | +o.0s2 | 86.6 2489 1928 | 40042 | 10W5 | 2905 2616 | 4004z | 122.0 3332 313 | +ooe2 | 139.9
| 6 | 1628 | 8 | oosw | -68% | 206 | 1321 | _o.om |-86.6 | 2489 1928 | _o0sz | -1085 | 2905 2616 | -oosz | <1220 | 332 | 3 | -ooe | -139.9 |
7 1547 _819 -o.156 | -241.3 | 1978 1298 -0.156  |~308.6 2398 1893 -0.156 =311 2822 2582 | -o.156 | =lho.2 3247 3381 —0.156 | -5K06,5
8 1206 663 -0.250 | -301.5 1581 1085 -0.250 |-395.2 1967 1619 -0.250 -491.8 2352 | 2258 | _p2s0 | -588.0 | 2752 3007 | -o.250 | <688.0 |
| 9 | 650 | 380 | —0.344 | -223.6 B85 650 -0.344 |-304.4 1149 1014 —0,344 -395.3 425 | 1471 -0.344 -k90.2 1728 | 2043 | -0.344 | _:-_-53k_.l;__
10 103 58 -0.458 | - 4.2 136 96 ~0.458 |- 62.3 186 167 i - 85.2 261 B 1 nane -119.5 376 A3 | _oess | -t72.2
r | uoz 5883 225.1 | 1m0/ 9371 263.8 17305 13785 261.9 | o2omg | . 18963, 218.5 | 23735 | ossu 255.0
v {170)¢' s2 L [£a) '
My | o) 8 LiEm - N
M, | U0 s? Elzat) o T e = e = i N
v My M v My M v M, M v My M, v My M
Fgf;b. o
:E:IE'%"_‘ - e = e LE A S ey | e=&,1%0 | 9,331,000 - | 4,107,000 | T29,1k0 (12,363,700 | 3,760,000 |
AP 0 o -2,000 120 3,600 -29,000
Tora | 338,600 2,892,000 3,319,000 43k, 700 4,606,000 | 3,890,000 531,600 6,776,000 4,157,000 628,190 9,331,000 | 4,105,000 729,260 |12,367,300 | 3,731,000 1|1 {~,
K.E.C.

' B-33369
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Wl o P

AL O

US.S __ mricALsmoy
CALCULATED BY. K H. €.

GREERED BV oo = 20 INTACT STABILITY* CALCULATIONS
TABULATION *3 Ko=_. 2% pT.

INTEGRATION OF STATIONS IN INCLINED POSITIONS _ Ls_ %9 e
8 WL, '- ' 8 ’ 16 Wol, |
w0 [ e [ 300 aoc | soe " 60° “70° “soc | 1o° | 200 30° 40° 50° 60° 70° T2 N
STA.| a my|l o | 'm, a | m a m, a ] TR me e I m, a | my| @ o (ER U B e il m,| a m| «a me| a | m| a m,
I e
oot (O i oS [Foa o i e IR e [ 2 BB I e C i 7 B [EC L) [ 1 - B ] 2
2 ' ) T -
= - -r - s sty e ——— = RS S = - - o v for-mrvie: — v ——— e Nriing i T
3 L ‘f 4
Bl i e - = - B e pate s S P e e = = R = e e T s (L o
% _ NS S el R TR e (RN e S L M| N WiN: Dl 18 £
5 i ) = (e A T R O ] L)
Lo . Ll o= s (W B SN 2 e PR BN RN BT PR | SR IR e S S | (A TR i il el PR IR | Lol | | e S
6 NP
b - . . =4 - L= o B R S 0 R
? N.:l‘ [.a)
S AN s ) A e OO (RN (W N W e . s L [ § 1% %
8 3 4
+— e = = B B -— —4 & o
9 e I K M
e T s o A AR A S e R ] E i RS (O (R PR (T [ s i T S §|3 §|2
o 5081 |1209 | Y4975 [2023 |[5177 | 2205 | shok 2138 | 6o6s | 2081 | 6736 | 2225 | 7352 | 2008 | 7652 |1067 | 11028 830 |10809 | 1725 110700 2691 10983 |3443 P16kl [3979 |[11990 | 3754 |12237 | 2928 (12386 (1711 l |
Vi ) ; ] : ItL/IO)c'szgzu]
M, 7 : (L/10Kc"s> [Em, ]
V| Mt V‘ Mt V| Mt V|. : M‘t V| Mt V| Mt V| Mt \1 Mt V| M"_ V] Mt V] Ml,. V| Mt V| Mf V|_ Mt Vl Mt V| Mt
k3 '
SRR IS TR U S AR SN W SRR SR B [ ) (R KN = I e 8 INA Ko GeliB it of SO0 o Bfleieil] ol | el P S i R o [ = e
PERPS, -
AFT : i L P 1 _r T 1 &
AP .
TOTAL | 156K| 594K | 152K | 994K | 159K |1,083K 168K 1,050K | usrj 1,022K| 206X f1,093K| 225k 9;1; 23k |6 338K | MOSK | 332K | BUSK | 328K p,sa x| 337X 1.6931357! 1,955K| 368K i,B4SK|375K Q439K | 380K |SUIK
24 WL, - 32'w,L, SUBMERGED
10° 20° S0 - 40° 50° 60° 70° 80° 10° 20° 30° 40° 50° 60° 70° 80° 90°
STA. a m, Q my a m, a my a my a m, a m, a my a m, a me a my a m, a m, a m, @ my a m, a M,
|
2
05 D 1,
a s
% .
— _-_* —_—t - - - - - . — PR P S — — — e -_— - - ——F —_—— - - - - -
6 =2 S
? — —_—
,',8, 5%
9 L _ 7
0 e l*-— = ~ - = = — — <+ —f=- —— —
I |172718 | 739 | 17349 1633 17556 | 3032(17736 | 4503 7852 | 4758 | 17797 | Me13 |17819 | sosu |i7s35 |1786 | 23873|1241 [ouz0M [26u9 [2u571 | 3699 [22s9 kil |24o0l 4099 [p3S1M 376 23321 | 2951 [23169 | 1700 35462 | 758
Vi = - - &
A - S e - = 5 - e e SN S CUSERRURIT! IR P R e L e B
V| M’ V| ML V| Mt V| Ml Vl MT V| Mt. V| Mt V‘[ Mt V| Mt V| Mt V| Mt V| Mt V| M{ V| Ml Vl Mt V[ M* V[ Mt
F?j!pn .
ocTw | — - - ST B
PERPS
AFT s 5 = i o v = - - b = = - a i n i =i
AP .
Toral | 531K | 363K | 533K | 803K | 539K ],490K [SHUK 2,213K 54K (2,339K| 546K [,071K| 547K |1,515K 5k7K |s7sx | 733K | 610K | 746K |1,302K 737K [1,818K| 76K [2,020K(737K |2,0158 722K |1,850K) 716K |1,450K|711K | 836K 1,089K| 373K FIG ﬁ
: LEC.
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USS TRt smor

CALCULATED BY __J, . ¥. and K. E. C. AGE 17
CHECKED BY__ .~ ____
INTAGT STABILITY CALCULATIONS
TABULATION"4
FINAL RESULTS L. Mgo FT
‘ d'LanUE FORMULA h=_2 f1 he=_% _FT. | hy=_6_FT he=8 FT |. hg=a2 FT | he=_126 ¢7 hy=_2 FT hg= 2 FT | hy=_2 FT |. hg=_32 ¢1
PLOT a L 9o 2050 3270 4L 7030 | 9690 12430 15200 17950 20830
(oo | a0 | —eme | e | e g0 4360 e | a0 | amo | o | amso | eosko
PLOT KB —Torav— - 1.20 2.27 /3n w3 | eNee | &M ~ 10.59 12.746 14. 854 116,960
| pLoT me  pme | s | e __— 12.86 12,00 10.9% [ 9.80 | 895 1.8 6.53 a2
PLOT Thox L. S T us.3 50.9 52.5 s | 55T 56.8 57.9 - 59.3 0.9 |
PLOT WF i—ﬁ:t: 12.92 11.61 10.66 TN . - 8.09 6.15 S o e A ——.—5—'-"—5 i
Tem | “mmi | e .93 53.55 N1.92 28.62 . S . ... N .. O SOORccic O, WO o,
PLOT KM KB + BM . 131.% 78.20 56.26 © u6.27 35.05 3.2 26.03 27.38 T L P
. |1oria-tor@? |00 | smowow | e0moc0 | zszowoo | 2gococsp | X owooo | ar3ocooco | cssoooo | 309 000000 335000000
BM, —— 5230 2800 1922 RUCE 1013 m 6o - f o | 0 e ] 0W |
PLOT MT, = 850 1000 1090 1150 1240 - s 0, B .. SO P
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III =~ The Whirlwind Computer

General desgcription

Generally speaking, the device commonly referred to as Whirl—
wind One, or simply WWI, being developed by the ONR~sponsored Project
Whirlwind at M.I.T, is a large-scale, high~uapeed electronic digital com-
puter, The term computer is used here to mean a device capable of per-
forming the basic arithmetic operations characteristic of a calculating
machine according to some predetermined plan, so that a computer may be
thought of as an automatic sequence controlled calculator, A digital
computer is one which operates by the use of numbers (digital quantities),
as in a desk calculating machine, rather than by the use of shaft ro-
tatioﬁs, rod positions, or other analog quantities, as in a slide rule,

& planimeter, or a differential analyzer. The term electronic implies
that the computer is constructed for the most part out of slectron tubes
rather than out of shafts, gears, relays, motors, and such mechanical and
electrical devices. The adjectives high-speed and large-scale are of
course purely relative and are used here to mean that in point of memory
capacity and operating speed the Whirlwind Computer is nearly as large
and as rapid as any computer built or being built in 1948,

In particular, WWI (having & multiplication time of about fifty
millionths of & second) is actually intended to be of the order of half
a million times as rapid as a person using an ordinary desk calculator.
Although it is intended as a prototype for a larger computer to be built

later, WWI has a high-speed memory capacity of 2048 words, each word



Page 20

containing sixteen binary (or 4.8 decimal) digits, for a total cape~
city of about 10000 decimal digits. Whirlwind I uses the pure binary
number scale in its operation. Like most other present-~day computers,
it is a fixed-point computer in which the binary (analogous to deci~
mel) point remains at the left-hend end of every number, so that a num—
ber of magnitude greater than or equal toc one is not admissible in the
computer,

Design and nomenclature

Any electronic circuit which has two and only two mutually
exclusive possible states (for instance, a switch which can be open
or closed, or a voltage polarity which can be positive or negative)
can be used to "store" a digit, and for that reason can be called a
"digit space!, The set of digit spaces in which a binery number is
stored is called a "register", Generally speeaking, 211 registers in
a computer are of the same length, i.e., have the same number of di~
git spaces. In Whirlwind I the registers have 16 digit spaces and
hence store a 15 binary digit number and a sign digit.

Whirlwind I has four logically independent elements which
when suitably integrated make up the computer. Xach of these elements
has a direct analogue in ordinary manuel computation arrangements, the
desk calculator which performs the arithmetic operations corresponding
to the "arithmetic element", the operator who supplies numbers to the
calculator together with instructions of what operations to perform
(e.g., add, multiply, divide) corresponding to "control", the form on

which the instructions ("program") are printed and on which the inter—
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mediate results are to be written corresponding to "storage", and the
paper on which the data and results are entered corresponding to "in-
put and output”.

The arithmetic element is composed of three 16 digit regis-
ters, called the A-Register (AR), the Accumlator (AC), and the B~
Register (BR) which may be thought of in this pattern:

from storage

¥
| AR ]
!
| AC fe—s{ BR
to storage

Numbers can be transmitted from storage to AR, and the contents of AR
can be added or subtracted into whatever is in AC., Numbers can be
transmitted from AC to storage, and AC can be made to shift its con-
tents to the left or to the right, the contents of each digit space
(except the leftmost or sign digit) moving into the digit next to it
on the right or left. The contents of BR is always shifted simultane-
ously with that of AC and the leftmost digit of BR ies connected as if
it were on the right of the rightmost digit of AC.

In order to carry out multiplications, divisions, and multi-
ple shift operations, some circuitry known as "arithmetic control” is
provided. This control directs the arithmetic element through the ne-
cessary repeated additions, subtractions, and shifts to perform multi-
plication, division, and shifts,

Storage is composed of 2048 = 2ll identical storage registers

which are numbered consecutively from O through 2047. The eleven digit
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binary mumber corresponding to a particular register is called its
"address". It might seem that a distinction should be made between
the storage used to store the orders or program and the storage used
to store mumbers, but such a distinction is in fact unnecessary and
eny storage registers can be used to store either an order or a num-
her.

Unless otherwise directed, main control in Whirlwind I se=-
lects orders from consecutive registers in storage and directs the
arithmetic element in carrying out the orders., Certain orders (sp,
cp) can direct main control to select the next order not from the
next register in succession, but from a new register anywhere in
storage.

An order is a 16 digit number which is interpreted in two

parts as shown:

gllte |3 | %rse 7 |8 19 dol1ri2hi1s| k|15
L. AN 7
Operagion Address

The eleven digit address section is generally used tc select the stor-
age register from which a number to be operated on is to be taken or in
which a number to be stored is to be stored. If, however, the operation
called for is a shift, the address section is merely an indication of
the number of single~step shifts to be made, while if the operation is
intended to direct main control, the address section gives the address
from which the next order is to be taken,

WWI operations

The five digits assigned to the operation section of an order
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give the possibility of indicating omne of 25 = 32 different operations.
For convenience in writing, these different operations are each written
as a pair of lower case English letters. The letters, or initials, are
chosen with the intention of suggesting the operation. In starting any
process, it is usually necessary to clear AC and transfer a new number
from storage to AC. Therefore, an operation may be chosen with which
to clear AC and trensfer to AC either the positive or the negative of
the value of the contents of the storage register indicated in the ad-
dress section of the order:
ca - clear and add
csg = clear and subtract
To add or subtract the contents of a second register to or
from the number in AC there are the operations:
ad -~ add
su ~ subtract
In order to store a result:
ts = transfer to storage
In order to multiply or divide, the number to be multiplied
or divided is first put in AC by means of the ca (or cs) operation and
use is made of one of the following operations, the address section of
the order indicating the multiplier or divisor:
mr -~ miltiply and roundoff
mh - multiply and hold full product
dv - divide

When two 15 digit numbers are multiplied together, a 20 digit
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product ie formed, and in WWI the first, or significant 15 digits
appear in AC, the last 15 in BR, and these last 15 may be correctly
rounded off, by mr, or left intact, by mh., Because of electronic
peculiarities, the quotient after a division appears in BR and must
be shifted into AC by use of a separate shift left operation. As
has been mentioned, the address section of & shift order indicates
the mumber of shift steps to be made, the operations being:
sr = shift right
sl - shift left
The operation which causes main control to select the next
order from the storage register whose address appears in the address
section of the order is
sp = subprogram
In order to repeat a process & definite number of times
(for instance, until an iterative process has converged satisfacto-
rily), it is necessary to be able to subprogram or not depending on
the size of some mumber., Hence, the operation
cp - condition subprogram
acts like the subprogram operation if the number in AC is positive
and does nothing if the contents of AC is negative or zero.
In order to change the address section of an order without
affecting the operation section, there is an operation by which only

the eleven digite corresponding to the address section are transferred

to the storage register:

td - transfer digits
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Placing a new address into AC prior to using a td order may
be accomplished by having the address stored separately somewhere and
using a ca order to get it to AC. Storing the new address separately
can be avoided by use of a special operation (which is really intended
as part of a specialized procedure called "automatic subprogramming"):

ags - automatic setup
Part of the result of the as operation is the transfer to AC of the
entire as order itself, thus in particular putting the address section
of the as order into AC, whence the td operation transfers it to stor-
age. Thus to insert the new address 678 into the address section of
the order in register 1284, it is necessary only to order as 678 fol-
lowed by td 128L,

In many ceses (for instance, when keeping count in a multi-
ple step program) it is desirable to be able to increase the contents
of a storage register by one in the right-~hand end. A single oper-
ation by which this increase can be accomplished and the negative of
the increased number left in AC (for convenience in applying the cp
operation immediately afterwards) is the operation:

ap - add one

While other rather specialized operations planned for WWI
and necessary input and output operations not yet designed in detail
have been omitted, the discussion above includes all the operations
used in the program which follows. The operations used are listed

alphebetically and described more precisely below:
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ca

cp

c8

dv

mr

X

X

x
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(add)
Add the contents of register x into whatever is in AC,

(add one)
-15
Add 2 to the contents of register x (addition actually per-

formed in AC) and put the negative of the increased quanti-
ty into AC.
(automatic setup)

Clear AC and transfer the order as x itself to AC.
(clear and add)

Clear AC and add the contents of register x into it.
(conditional progrem)

If the number in AC is positive, take the next order from regis~
ter number X.
(clear and subtract)

Clear AC and subtract the contents of register x into it,
(divide)

Divide the contents of AC by whatever is in register x.
(mltiply and hold full product)

Multiply the contents of register x by whatever is in AC, leave
the full product in AC and BR.
(multiply and round off)

Multiply the contents of register x by whatever is in AC and

round off the result to one register length.
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sl x (shift left)
Shift the contents of AC and BR to the left x times and round
off the result to one register length.
8P X ( subprogrem)
Take the next order from register mumber x,
sT X (shift right)
Shift the contents of AC and BR to the right x times and round
off the result to one register length,
su x (sudbtract)
Subtract the contents of register x from whatever ie already
in AC.
td x (trensfer digits)
Trangfer the rightewhand eleven digits in AC to the right-=hand
eleven digits of register x.
ts x (transfer to storage)

Transfer the contents of AC to register x.
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IV - Development of the General Procedure

In general, the tabulation forms of the typical study
(Pigures Y4, 5, 6, 7) provide & valid basis for setting up a pro-
cedure for a computer. However, in order to reduce the amount of
temporery storage space needed during the computation, the final
results of Tabulation #U are calculated and stored as soon as the
necessary quantities become known rather than storing all the in-
termediate results and collecting them all at the end. Thus Tabu-
lation #U4 is absorbed into various parts of the program and loses
its identity.

Integration of waterplanes

The integrations to determine area, moment, and moments of
inertia of the various waterplanes are strictly numerical procedures
which can be adopted directly. Since use of Tchebycheff integration
requires a speciel set of half-breadths to be taken at the Tchebycheff
stations while Simpson's rule would permit use of equally-spaced sta-
tions, and since Simpson's rule is of nearly the same accuracy and
calculational simplicit& (especially since the factors 1, 4, 2, 4,..
..y 1 are all "round" binary numbers) as Tchebycheff's rule, the pro-
gram here uses Simpson's rule integration. Following the pattern of
Tabulation #1, the half-breadths corresponding to the first waterplane
(hl) are chosen. Referring to Flow Diagram I (Figure 12), in which
the blocks 1, through 3l. correspond to Tabulation #1, the blocks 1.

through 3. represent the selection of the half-breadths. A more de-
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talled discussion of the individual blocks is given, together with
the specific orders, in Chapter VI, After the proper half-breadths
have been chosen, the Simpson's rule summation is performed (block 5.)
but since the game summation must be repeated in determining M, IGL’
and Iy, block 5. is actually a subprogram which is used four times.
The appendage area must be calculated and added to the

integral just formed (blocks 7. and &,). The appendages can be conm
gsidered to be approximately triangles, parabolas, or rectengles, de-
pending on the ship. In any cese, the base of the triangle, parabola,
or rectangle is.the breadth of the ship at the forward (or aft) per=
pendicular, and if the height of the figure (i.e., the length of the

projection fore or aft) is known, the area, moment, I L’ and I 4 can

C
all be calculated by elementary methods., It turne out that the fol-
lowing formulas apply, where b is the breadth at the end perpendicu-
lar, d the length of the projection beyond the end perpendicular, and
L the length of ship between end perpendiculars:

A

201
v-a:2, £ D

M (—+( )d)A

IGL = (—, E E-)b ‘A

I = (h—+ G 55 Pada
The three alternative constante enclosed in parentheses are the fac=—
tors to be used if the shape of the appendage most nearly approximates
a rectangle, a parabola, or a triangle, respectively.

Once the total area is known, the value of T/IN. = T 1S
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calculated directly (block 9.). Then the cubes of the breadths are
formed snd the value of ICL is calculated and stored complete with
the contribution of the appendages (blocks 10. to 15.). Forming the
products of breadth times distance from midship station (blocks 16,
to 18.), carrying out the same integration program (block 5.), cal=~
culating and adding on the appendage moment (blocks 20.and 21,), and
dividing by the area alreedy determined yields the value of ®F (block
22.). A similar process (blocks 23, to 28.) using the square of the

moment arm, results in the value of Ig , and MT. is formed directly

1
ag indicated in block 29, Block 30, is used to prepare the program

for the next waterplane, and block 31, checks to see whether all the
waterplanes have been completed before starting the cycle over again,

Integration of volume in upright position

After the waterplanes have been completed, the program pro-
ceeds to the equivalent of Tabulation #2. Integrating over the width
and height of the submerged portion of each station which, in the
hand computation, is done with a mechanical integreph, and then form-
ing the double integral over the length of the ship is exactly equi-
valent to integrating over the length and width of each submerged
waterplane and then forming the double integral over the height. Thus,
J(fvan)af = [(/ vas)an
¢ = J(/nan)as = f(/ba/)nan
) = (f van)las = f(/ vlas)an

-t
1

=
1]

=
I

It may be seen that the first expressions are the one uéed in Tabu~

letion #2. However, the second expressions are much more convenient
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from the point of view of the computer, for the integrals jjbd! and
j"bzaz are simply A eand M from Tabulation #1, and the integration
over h is a straightforward process numerically. An added adveantage
is that the appendages, which have already been considered in cal-
culating A and M, take care of themselves in the volume integration.

The only problem which ariges is that of picking the water-
planes so that the normal Simpson rule which requires an odd number
of equally spaced intervals can be used. It is not reasonable to
require that all waterplanes be equally spaced, for since most ships
have much more curvature (shepe) near the base than higher up, it is
both reasonable and common to take waterplanes closer together near
the base than higher up. The normal procedure is to take waterplanes
every 2, 4, or 8 feet from the base to above the greatest expected
draft of the ship and then to subdivide near the base, so that in
the typical study, for instance, planes are taken at 0, 2, 4, 6, 8,
12, 16, 20, 24, 28, and 32 feet. An assumption which simplifies the
programming considerably without placing any undue restriction on
the generality of the treatment is simply that

1) the interval between any two waterplanes is either ex-

actly equal to or exactly twice the interval immediately
below it,.
2) every interval has at least one other interval equal
to it,

3) the third interval is twice the second interval,

In other words, the relative spacing of waterplanes can be 1, 1, 2,

2, 4, 4, 4, &, 8 but not 1, 1, 2, 2y 3, 3, etc. mor 1, 1, 2, 4, 4,
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nOI' l’ 1’ l, 1’ 2, 2, etc.

Under the assumption just made it is possible to define

an integration procedure as follows:

1)

2)

3)

1)

Disregard the integral up to the first waterplane.
This interval is ususlly at such a shallow draft
that it has no significance in the curves of form,
and in any case the bottom interval can always be
subdivided if necessary.

Since the first and second intervals are equal
(this follows from the stated assumption without
being explicitly required), Simpson's rule can be
used to integrete up to the second waterplane. It
should be noted that Simpson's rule always takes
two intervals at a time, weighting the three points
at 1, 4, 1 respectively, and that for a given in-
terval length the rule is no less accurate for three
points than for eleven,

Lump the first and second intervals together as one
interval, so that their sum equals the third inter-
val, and use Simpeon's rule again to integrate up
to third waterplane, That is, use the base, second,
and third waterplanes, omitting the first.,

The fourth interval equals the third, so that Simp-
son's rule can be used to integrate from the second

to the fourth waterplane, and to this can be added
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the integral up to the second waterplane, already
obtained, yielding the integral up to fourth.,

5) Proceed according to the following inductive plan:
If the ith interval is equal to the i-lth inter-
val, use Simpson's rule directly and add the in-
tegral obtained to the integral up to the i~2th

waterplane’ If the ith interval is twice the
i--lth interval, lump the i-lth interval with the
i—Eth interval, apply Simpson's rule to the water-
planes i~3, i-1l, i, and add the integral obtained
to the integral up to the i—}th waterplane.

In programming the process, the values of the intervals are calcu-

lated (z&hi= h,- hi-l) and stored for all values of i, and the pro~

ducts of area times height are formed and stored incidentally to the

formation of the intervals (blocks 32. to 35. on Flow Diagram I).

Then step 5 of the procedure outlined requires that the
three integrals desired (v, Mv, and MI) be calculated stepwise for
three points at a time., In the program the integrals are formed in
blocks 39. and 40., 44, and 45., and L8. (U8, is logically two blocks),
and are added to the integral up to the bottom point of the three
points in 41.,46., and 49, The various desired results (ZX,ZXF,]IB,
KB, KM) are calculated in L42., L43., U7., 50., and 51. Block 52,
then increases the various addresses in the program so that the i+lth

waterplane is considered. Now if the i+lth interval is greater than

th
(i.e., double) the i = interval, the storage addresses in the inte-
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gration blocks (39., 44., LUB,) of the bottom point of the three points
should be left unchanged, as should the storage addresses from which
are taken the integrals up to the bottom point. Therefore these so=
called (i-m) addresses are not changed in 52,, and since on the next
cycle the result of the comparison in block 36. is positive, they

are not changed st all but are left at i-2. If, however, the i+1°®
and ith intervals are equel, the bottom point addresses should be in-
creaged to be i—lth addresses. But suppose that on the cycle before,
the ith cycle, the bottom addresses were left unchanged (beceause the

ith interval was greater than the i—lth).

Then the bottom point ad-
dresses are set at the i—}th plane, and must be increased by two.
Therefore a second comparison (block 37.) determines whether or not
the ith interval is greater than the i—lth interval. Block 38. causes
the bottom point addresses to be increased by one in either case, and
block 54, increases them a second time if necessary. Block 53., at
the end, simply determines whether all waterplanes have been done,
and, if not, causes the cycle to be repeated. The detailed arrange-
ment of the initial values in the program assures the initial pro=-
cedure for the first three waterplanes is actually performed as re-

quired by steps 1 through U,

Integration in inclined positions

As has been seen, the cross curves of stability (Fig. 2)
are obtained by imagining the ship rotated in the water through a
set of angles © about a longitudinal axis through some chosen center

of gravity and determining the submerged volume and moment of volume
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about the original vertical centerline below each of a set of chosen
waterplanes. In practice this computation is accomplished with a
mechanical integraph by determining for each station the area and
moment of area below each of a set of rotated waterlines and then
integrating numerically over the length of the ship to obtain volume
and moment of volume, The configuration involved is shown in Figure
8., Use of an integraph which gives area and moment simultaneously
makes it a simple task to measure the area of the shaded portion in
that figure and the moment of that area about the centerline CC'.
Reducing this computation to & strictly numerical proced-
ure does not appear to be simple. The process of integration would
not differ from that used in the preceding work if it were possible
to obtain the perpendicular distances from the rotated centerline
to the ship hull at any given height on the centerline (i.e., the
lengths of AB and AB' on Fig. 8 and of all the eguivalent lines paral-
lel to BB' and at uniform distances from BB'). This problem amounts
to finding the intersection of a straight line with a curve (the ship
section) defined by a set of discrete points (i.e., the half breadths
at given vertical heights). It is comparatively easy to set up an
iterative scheme to determine the intersection. For instance, as
a first guess, the point in the rotated waterline which is directly
below the intersection of the unrotated waterline with the ship
section can be taken, Thus if the hull were vertical in the region
in question, the first guess would be the solution. As illustrated

in Figure 9, the first guess is the point E. This point is readily
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determined, for AD is the halfebreadth at A, AB is found from multi-
plying the distance from A to CG by tan% sy AB + AD = BD, and

DE = BD tan®. Knowing DE, the vertical height of V can be determined
and by interpolation between the given half~breadths the length of
VF is found. Then FE = JE ~ JF and GF = FE tan®, and so on.

However, difficulties arise when the number of different
alternative circumstances are considered., If cne chooses a point
on CC' and looks for the intersection with the ship of the line per-
pendicular to CC' at that point, one might expect to find two inter-
sections. However, there are always lines with no intersection;
there are occasionally lines with four intersections (see, for ex-
ample, WLE in Fig. 11); and lines may accidentally be chosen with
one or three intersections (i.e., tangent to the hull). These sev-
eral possibilities, combined with the cases in which the line inter-
sects the ship at the deck or through the flat part of the keel, make
tye number of alternative procedures necessary to find a given inter-
section so great as to be almost prohibitive,

If sufficient attention were given to the alternative pro-—
cedures necessary to determine how many intersections to expect, the
iterative method suggested might be developed into a useable procedure,
It is not used because a second procedure, perhaps less elegant, but
with no problem of alternatives is thought to be more suitable.

The second procedure, which has been programmed for the
computer, makes a slightly different attack on the problem. Instead

of a point on the centerline being chosen and the perpendicular
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distance from it to the ship section being determined, a point on the
ship'section is chosen and the perpendicular distance to the center—
line as well as the position of the point of intersection on the center-
line are determined. Since the process is simply a rotation of axes,
these distances are extremely easy to compute, ag can be seen in Fig-
ure 10, While none of the probleme involving alternative procedures
appear here, a new difficulty arises in that the intervals along the
waterline (along which the integration is to be done) are not equally
spaced, This is shown in Figure 1ll. Two 2lternatives suggest themselves:
interpolate to find the values of d at equal intervals along the center-
line, or integrate directly over the unequal intervals, Linear inter-
polation followed by high order integration is no improvement over
linear (i.e., trapezoidal) integration. High order interpolation fol-
lowed by high order integration or direct high order integration would
yield satisfactory results, but the difficulties involved in programm=
ing the integration or the interpolation are great. Consequently, the
procedure followed here has been to take the points relatively close
together and to use trapezoidal integration.

Since the waterplanes for which the breadths are known are
probably a little too far apart to guarantee reasonable results from
trapezoidal integration, it is necessary to interpolate for points
between the given points. Some definite number of points may as well
be found between each pair of given points, for the given points are
presumably chosen closer together where the curvature is great than
where it is small., A compromise must be made in choosing how many

points to interpolate between each pair of given points, for increasing
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the number decreases the truncation error but increases the roundoff
error. In the program as written, three equally spaced points have
been found between the given points,

The interpolation has been programmed using a specialized
form of the generai Lagrange éolynomial interpolation formala, which
expresses the unique polynomial of degree M"l. which agsumes M given

values Pys cee» Py at M given places xl, seey Xy respectively:

M
T
M 2 {x=x,)
P(x) = Z P, - ‘iML—L (with j # 1)
i=1
};l(xi xj)

Since third order interpolation is satisfactory for curves like ship
lines which are probably not much worse than second degree, only four
points (xl, pl; X5 pE; xj, p3; xu, ph) are used, Then the Lagrange

formula specializes to:

i (x—xe)'(x-xj)'(xnxh) (x—xl)-(x-x )'(xhxh)

=By (Ei-xe)(xl-xj}(xl—xu) Y Poe (xa—xl}(xg—xB}(xg-xu)
(xhxl)'(x—xe)'(xpxu) (x-x1)~(x—xe)'(x—x3)

TP ey : R _
3 (13 xl)(XB—xE)(xB-xh) L (ih-xl}(ku—xg)(xu—xj)
From the assumptions about the spacing made on page 31, it follows

that, if the x's are the waterplane heights and X >x >13>xu, only

2
the following relative values are possible:
a) (xe-xl)=(x3-x2)=(xh-xj)
L = - =
b) E(xe—xl)—(x} x2) (xw-xB)

or ¢) (xe-x1)=(x3-x2)=2(xu-x3)
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Furthermore, since only three values of x are to be calculated be-

tween x, and X35 it is apparent (remembering that X,

E 12
Xy - (E’ T oF %)(x2 xB). Consequently it is possible to calcu=~

> x3) that

late all possible values of the coefficients in the Lagrange formu-
la once and for all, obtaining three sets of four coefficients for
each cage a, b, and c, or 36 coefficients in all,

These coefficients are only useful in obtaining points
in the middle interval of the four points. By shifting the four
points along, the middle interval can be made to coincide with every
interval between waterplanes except the first and last. However, it
is not unreasonable to require that the first three intervals im-
mediately below the deck line be equal, so that condition (a) holds,

and x = x_ = (%, E-or<%)(xl—x2) where x. is the height of the water-

1 il
plane just below the deck line. At the base of the ship, condition
(b) holds and x %y (E’ 8 or )(x3 LL) where x) is the base of the
ship. Thus two more sets of coefficients are needed for initial and
final interpolations. For use in the program here these coefficients
are stored in five blocks of storage, labelled KI, 11, II1, IV, o¥

v-(, m, where the Roman numerals correspond to the initial, three in-

termediate (a2, b, and c), and finel cases respectively, £ indicates
which of the three values of x is involved, and m indicates to which

of the four points X, xE, x., oY x), the coefficient corresponds.

4
Specifically KIIl, 3 is the third coefficient to be used in calculat-
ing the point X5 % (xe-x3) when all three intervels are equal,

Another special case occurs at the top of the ship, since
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the deck height need not correspond to any given waterplane, It has
been assumed that if the pth waterplane is the lowest given water-
plane above the deck of the ship at the jth station, that the regis-
ter Bj,p will contain the breadth at the Jth station at the deck
(since the pth waterplane is above the deck, the breadth at the pth
waterplane would be meaningless). No points are interpolated between
the deck and the p-lth waterplane.

The program for forming a set of breadths at intervals one
fourth as large as the given intervals is illustrated in Flow Diagram
II, After restoring and indexing addresses in preparation for repeat—
ing the cycle (block 55.), the deck height at the Jth station is come
pared with all the waterplane heights from the base up until the pth
waterplane is found (56., 57.). The breadth at the deck is stored
(58.) as the first new breadth, the height of the deck above the point

KG is found by subtracting h.. from the deck height (59.), and the

CG
proper addresses of the breadth, height and coefficiente for the first
interpolation are placed in the orders involved (58. to 61.).

The general interpolation scheme first stores the given
breadth (62.) and height (63.), (initially p~i=1l), then calculates
the actual height of the interval (6#.), forms and stores each inter-
polated breadth and the corresponding height (65. to 69.) until block
67. finds that all three interpoleted points have been calculated.

The interpolation is then repeated with modified result-storage ad-—
dresses (72.), but for the second interval the same points are used,

as for the first, so flow is directed (60.) around the block (77.)

which would change the points, and block 71. is used to redirect the
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flow for subsequent cycles. In preparing for the second interval,

the Lagrange coefficients should be changed from KI to K 1’ and to

I
accomplish this change the flow diagram should show block 76, im=
mediately preceding block 70, rather than in the position shown,
This change is readily made in the program orders,

To determine when the base of the ship is being neared,
comparison block 73. is used. If the base has not been reached,
the blocks 74. to 79. are used to select the proper Lagrange coef-
ficients for the next cycle. The final interpolation is carried
out when 73. gives a positive and 80. a negative result, &l. supply-
ing the final coefficients. After the final interpolation, block 80.
gives a positive result. The breadth and height at the base are
stored as the final pair of pointe (82.) and the interpolation is
complete,

- The actual trapezoidal integration must now be performed,
following Flow Diagrem III. In Figure 11, & not very typical tut
illustrative ship section is shown rotated counterclockwise through
an angle © from the stationary vertical CC'., The point A and all
points on the right-hand side have moved from the original coordi-
nates L » w to L cos® - w sing, 1 sin® + w cos®; eimilarly G end all

2 2 2
points on the left-hand side have moved from = %, w to - % cosd -
b
w s8in@, = 3 8in® + w cosB. A direct procedure to follow in the inte~
gration is to assume some one station j and some angle Qk and to start

at point A (block 83.), then move across the deck to peint G and con-

sider as the firet trapezoid the figure bounded by the deck (AG), line
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CC', and the perpendiculars from A end G to CC'. (Such & step essen~
tially assumes a flat deck, Most decks sctually have an eppreciable
camber which could, and should, be teken into account.) Block 83, is
used to calculate the rotated coordinates on the right-hand side of
the ship, block 86. is used for the left side. Normal flow from 83,
will be to 87., but in crossing the deck the flow proceeds from 83,
to 86. under instructions from 84, The formulas shown in 83. and 86,
are incorrect,

Since the desired result is the integral up to each of
several desired waterlines (assume that the desired waterlines, which
in the typical study are 8', 16', 24', and 32', are stored measured
from CG in & block of registers labelled WL). It is necessary to
break the trapezoid up into the intervals defined by the desired water-
lines. Since point A is in all likelihood the highest point on the
ship and is probably above the highest desired waterline, it is ne-
cessary only to determine whether G is below & desired waterline,
Therefore, after the new coordinates 5 tl, and U, t2 of A and G
have been found, the vertical distance from A to G is formed (&7.)
for use later and the height of G is compared (88.) with the height
of the highest desired waterline, If G is above the waterline, it is
compared (89.) with the next higher waterline (an impossibly high value
is stored in WLq° as the height of the waterline above the highest one
desired, so that in this case G must be below the next higher), If A
and G are thus found to be in the same interval, the proper address

is sent ahead to block 96. by bdlock 90, and the area and the moment of
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the area of the trapezoid are formed, multiplied by the Simpson rule
coefficient 1, 2 or U4 (cj) corresponding to the ,jth station and added
to the previous values from the Jth and all lesser stations found in
the same interval (between the same waterplanes) by blocks 92. to 96.
However, if G is below the first desired waterline below A,
then the height of the desired waterline and the breadth at that water-
line (found by linear interpolation between A and G) are found (97. to
100.) and are used as the end point of the trapezoid beginning at A
and also as the initial point of the trapezoid ending at G (i.e., the
A to G trapezoid is divided into two by the waterline). Then the same
trapezoidal integration 92. to 96. is performed as before, only now
(on account of block 97.) the flow proceeds to 107. where the next
lower interval, g-1, containing the new initial point, is substituted
for the previous interval g. Then the same comparison sequence, be-
ginning at 87., is recommenced. If, on the other hand, G hed been above
the interval containing A (not possible actually for G but quite pos-
sible, say, in the region between G and F, and quite likely when the
integration comes back up the right-hand side between D and A) the
same insertion of the proper waterline between A and G would have been
performed in 102., 99., and 100.; and 10l. would have directed flow
from 96. to 108. where the next higher interval, gtl, containing the
new point, is substituted for the previous interval q. After 108. the
same comparison procedure beginning with 87. is repeated. It is pos-
gible, and in Figure 11l it is in fact the case, that the interval be-

tween A and G will be divided by more than one waterline, but in any
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case these divisions will obviously be handled correctly and eventually
the point G will be reached. Then G becomes the initial point (103.
and 105.) and the next lower point on the left side is converted to
rotated coordinates (86.) and becomes the end point, unless block

106, finde that the base of the ship has been reached.

If the base has been reached, the point D at the base on the
right-hand side is chosen next (block 109. putting the proper addresses
in 83, and restoring 86.), thus integrating the trapezoid bounded by
the base ED, and the integration proceeds from there up the rightwhand
side., Since the integration will henceforth be up rather than down
the ship's side, block 110. causes flow to proceed henceforth from
104, to 111, which in turn will check to see whether the top (point A)
has been reached, and, if not, will allow 121. to step 83. up to the
next point and continue the process.

When A is finally reasched, the entire stetion has been in-
tegrated over and the flow~directing blocks 84, and 104. are restored
to their initiml values (block 112.). Block 113. checks to see whether
all the angles have been considered for this station and, if not, al-
lows 122. to index the whole cycle up to take the next desired angle
0k+1'

When all the angles have been completed, the program is re~
stored to the values for 6, again (114, ), and 115, checks to see whether
all the stations have been completed. If not, the proper change is
made in the Simpson coefficients (123, to 127.) and flow is directed

back to the beginning of Flow Diagram II to interpolate the breadths
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at the next station and repeat the integrations for the next stam~
tion,.

When all the stations have been completed, the integrals
between intervals should be summed from the bottom up (116, to 118.)
for all angles (119., 120.) yielding the integrals up to the desired
waterlines. From consideraticn of scale factor it might be more satis=
factory to combine this summation with the output program, since two
or three digits of accurecy might be saved. In any case, the results
of Tabulation #3 have been obtained and, save for an output program
to print or plot the data, the program is complete.

The procedure used automatically takes care of the sign of
the moment and yields the correct area and moment regardlecss of multi-

ple intersections such as occur with WL, in Figure 1ll. For example,

2
thé trapezoid from A to G has a negative height, negative length along
CC', and negative moment arm, yielding positive area and negative mo=
ment. From G to H the length along CC' is positive, so the area is
negative and the moment positive, thereby subtracting out the shaded
area under GH, Between H and F the length along CC' is again negative
and the area and moment under HF is added correctly. From F to J

the height and moment arm are positive, the length remaining negative,
go that negative area and negative moment both result, effectively
subtracting the shaded ares above FJ from the integral., From J around
the base to B, area and moment are properly positive, while from B

to A area is negative and moment positive, thereby subtracting that

area from the total.
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V = Program Number Storage

Division into groups

The numbers which are stored in connection with any problem
are generally data, constents, intermediate results or results. In
practice the storage addresses assigned to all these numbers will sim~-
rly be consecutive register numbers, but for convenience in writing
and describing the program, the numbers have been divided into Dblocks.
All mumbers in any block have a logical association with one another,
and each mumber is designated by a capital letter, or pair of letters,
chosen to suggest the values stored in the block, féllowed by an ara-
bic numeral, or pair of numerals denoting the position of the number
within the block. Thus, the breadth of the ship at the hth waterplane
and Gth station is stored in register number B6,4, while the value of
position of the center of flotation at the ith waterplane is stored,
wvhen calculated, in Fi, The storage registers needed in each of the
three flow diagrams are listed on the respective diagrams,

Arbitrary choice of some of the parameters

On the flow diagrams many quentities have been represented
symbolically which in practice should be assigned some definite value
once and for all. For example, the number of stations to be used is
called Jo’ but there is no need to have the value of Jo differ from
ehip to ship. If eleven stations, say, are good emough for one ship,
eleven stations are good enough for all ships, Indeed, to change jo

as the program stands involves considersble rewriting, and while the



Page R0

program could be modified to allow Jo to vary from ship to ship, the
complications involved, although not great, do not seem to be worth
while, The choice of Jo is in practice restricted to choosing between
the two values most commonly used in design practice, eleven and twenty-
cne. At first glance, use of twenty-cne would seem to be preferable,
for it would improve the basic accuracy of the mumerical integrations.
However, there are several arguments in favor of using only eleven sta-
tions: the computation is reduced eppreciably (in particular using e-
leven stations halves the time for the inclined position integration
which requires most of the computing time anyway);the roundoff error
is reduced; the truncation error is not much increased because ships
lines are generally so smooth that the accuracy is as great as is needed;
and, most important, the amount of data to be transmitted to the com—
puter is halved.

The program written here therefore takes Jo equal to eleven.
A value of twenty has been assumed for io’ allowing that breadths be
given for & maximum of twenty waterplanes above the base plane. The
mumber of waterplanes actually used (n) need not be the same from ship
to ship. The sines and cosines of the angles for which cross curves
are desired could be left unassigned, because by simply changing them,
the cross curves will be calculated for new angles. However, C, L,
Wright, Jr., suggests that these angles be chosen once and for all as
1°, 2%, 3%, 1°, 5%, 7°, 10°, 15°, 20°, and at intervals of ten degrees
to 80°. All such choices are advantageous because they reduce the

amount of effort and time involved in preparing and transmitting data.
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For the same reason it might be worth while to choose the waterlines
for which values are to be obtained in the inclined position inte-
gration. Such a choice is not as arbitrary as it might seem because
the actual choices determine the position of points (v,m) on the cross
curves only indirectly, both v and m being calculated gquantities.

Scale factor requirements on data

To meet the requirement that numbers in WWI be less than
one in magnitude, scme scale factor conventions have to be agreed
upon. It turns out to be convenient to require data with two dif=-
ferent scale factors chosen as follows:

Breadths and heights are expressed in feet times e'q where
q is chosen so that the maximum breadth is greater than or equal
to % and less than % « It has been assumed that the maximum
height from keel to weather deck is less than one-~half of the
maximum breadth (beam). This means that the breadth is less
than 2972, and the height is less then 2%,

The length of the ship in feet is first divided by thirty,
and the resultant quantity is multiplied by 2—p, where p is chosen
so that the quantity is less than one. Since -13:'-0- - 27%1, it follows
that L <30 - 2p<2p+5. The appendage projections are expressed in
feet times 2 L.

Neither of these requirements will actually have to be con-

sidered in supplying the data initially, for the input conversion will
be able to make the proper adjustments on raw data, but in the program

here, which has no input or output program (final design of that part

of the computer not having been completed), the assumptions are necessary.



Contents of storagze register blocks C, D, B, K, and L

constants
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1)
2)
3)
)
5)
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7)
8)
9)
10)

11)
12)

13)

21)
22)
23)
2k )

25)
26)

21275

ts Fl2

1.2 1D

y.6 g5

2,971

ca H3
I - 2"15
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C31)
32)
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36)
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ca 0
ts O
1 apt2
ca X1
mr 815
su DH11
17 27%(=q )
0
ca V15,16 (=ca Vko'qo_l)

ger 1

all D registers are

temporary storage
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3)
L)
5)
6)
7)
8)
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13)
1y)
15)

temporary

84
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after appendage area
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-

2

Lon

QIHE’..H (=]

kS
N
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n
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D 21) (BL,0 - HO + 21j) - 2722
22) by~ by,
23) Aw,
24) 2

25) partial sum of interpolants

31) temporary
32) temporary
33) u,

34) ¢,

35) v, 3

36) t
27) au,
38) Et,
39) u,
40) t
41) au

42) - gq

B01) 2seP . ahip length

30
2) q=7p difference between scale factors
1
33 3 forward area
2
L) 3 aft area
appendage shape factors-—- 5) % forward I oL
values given are for 1
triangular bow and para~- 6) = aft 1,
bolic stern g
7) E forward moment = 2
g) 5 aft moment = 2



forward

9)

10) aft

11)

12) h.. 24

CG
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V1 - Program Orders

The orders which make up the program, 758 in al11, have
been arranged in blocks corresponding to the blocks of the flow
diagrams (Figzures 12, 13, and 14), and a discussion has been placed
beside each block in an attempt to show generally the purpose of
that block. The single lines are intended simply to help separate
the blocks, while the double lines indicate a logical break in the

flow.



Page 58

To carry out integrations over some oné waterplane 1.01 ca B1,0
starting at the base, the breadths at each station 02 ts F1
for the chosen waterplane are stored in a block of

storage registers assigned for the purpose. In

this manner the breadth at any station is at a defi-

nite storage address regardless of which waterplane

is being considered, and the addresses of the

breadths appearing in many orders throughout the

succeeding blocks do not have to be changed when

the waterplane is changed. Rather than to store a

separate pair of orders to transfer each of the

breadths, a short cycle is used, in which only one

breadth is transferred and then the orders are modi-

fied, another transfer carried out, and so on.

The addresses of the orders in block 1, are each 2.01 ca 1.01
modified. The separation (i°+l) between Bl,0 and .02 ad C1
B2,0 hes been set at 21 registers, so 21 - 212 ig .03 ts 1,01
stored in Cl, ' .04 ao 1,02
Since 1l stations will be assumed for this program, 3,01 ad C2
when Fll has been filled the small cycle will be .02 ep 1,01

complete, The ao order in 2,04 will leave the nega-
tive of the contents of 1.02 in AC, and when ts Fl12
from C2 is added the quantity 12~{j+l), or 11-j will

be in AC and will be positive until the process is



complete, Therefore, the cycle is repeated

if the quantity in AC is positive.
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When block 5. has been passed, the flow must be 4.01 as 7.01
directed along one of four paths. Hence the .02 td 6.01
proper address (7.0l) is sent ahead to the sp

order in 6.01

It is quite possible to carry out a Simpson's rule 5.01 ca Fl
integration by using & cyclic process. However, .02 ad Fll
close inspection discloses that if, in the integra- w03 Ay 2
tions in which some contributions are negative and 04 ad F2
others positive, the terms are combined in a chosen .05 ad TF10
order rather than straight from front to back, as .06 ad F6
théy would be if a cyclic process were used, scale «07 sr 1
factors can be held at closer tolerances than would .08 ts D1
otherwise be possible, These integrals, being the .09 ca F3
difference of nearly equal fore and aft moments, are .10 ad F9
particularly vulnerable in any case. The order in .11 ad FH
which the terms of the sum are combined here was .12 ad F7
chosen to improve the scale factors as much as pos- 2l an I
sible in the integration of moment and moment of .14 ad P4
inertia about the midship station. Notice that if .15 ad F8
the magnitude of the contents of Fj is less tha.nlli 16 sr 1
for all j, the summation goes through regardless of 17 ad D1
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the sign. When the moment integral is to be de~ 5.18 mr El
termined, the registers Fl1, 2, ..., 11 will contain,
respectively, at most (positive maximum) 15, 12, 9,

6, 3, 0, 0, 0, 0, O, O, each multiplied by 2R e 1_6
The situation arises because the breadths are less
than ﬁ, and each of them is multiplied by % times &
moment arm of 5, 4, 3, 2, 1, 0, wl, =2, =3, =4, =5
respectively. By carrying these values through the
calculation as programmed, it will be seen that the
contents of AC can never exceed one. A similar analy-
sis can be carried out for the moment of inertia inte-
gration. A factor of 2-3 is introduced in performing

the summation,

The single sp order which directs the flow to the 6.0L sp =
proper place receives different addresses from

blocks 4., 13., 19., and 26,

Before the appendage area can be calculated, the 7.01 ts D2
result of the summation done in 5. must be removed «02 ca E2
from AC, Since the length of the projection for=- .03 td 7.07
ward of F.P. for the i'P waterplane is stored in L0 td 7.15
Jyl, the projection aft of A.P. is in J,i end the +05 ca Jg0
shape factors for the fore and aft areas are in E3 .06 mh C3

and EY respectively, the appendage area is easily +07 81 ==



computed. The scale factor for the appendages
mast of course be made to coincide with that of
the main area. The area has a factor of 2 ine
troduced from the breadth, 2 © from the length,

2

and 2 ~ from the Simpson summation, while the ap-

pendage area will have 2 O from the breadth and
g™ from the length, so the appendage area must be
multiplied by 2¢1—‘9-3_ Now, q-p must be positive.

(The fact that b - a‘qq]:' kAL s gD vields

oy D =2
L . ."P =y gl
—+2>2b-2 7, or b< - L and it is reason-
b 1 Pt
able to assume b>§5 - L, so —-3—0—- > 55’ and there-

fore g=p-1> -1, or g=p>o0.) The quantity g-p
(which is data) is stored in E2, where it is avail-
eble to control shifting the appendage area, and
-since g~p is positive, the shift is to the left,

It is desirable to have the contents of J_i, multi-

F
plied by 2q~p—5’ stored in a temporary register for

use later in calculating the moment appendage. Therew

fore, this value is obtained first. The factor 2-5
1g later corrected to 2 - by & shift left, The 272
is introduced by multiplying instead of by shifting

to prevent losing figures through roundoff. It ie

permissible to add the appendage area directly to the

main area if the appendage area is always less than
th
1

15

of the main area. (The main area is less than
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the maximum length times the maximum breadth
times the scale factor E_Q-P_B, hence

a <(30 - 2P)(2%73) (24P )= 30+ 270= 2.

Page 62

For convenience in forming sums later, the area 8,01 ar. 1

is shifted right once before being stored for use .02 ts A0

in the volume integration. Since the area is needed .03 ts D2

again in block 22., it is also stored in a register

whose address is changed between cycles. The scale

factor is 2—q~p—4.

The quantity tons per inch is easily formed and 9.01 mr Ch

stored, with a total scale factor of 2"'“’"“’, by .02 ts TO

‘multiplying by E;E from Ch.

The Jth breadth is cubed and, since the breadth 10,01 ca F1

ic less than 2 C and 1ts cube therefore less than .02 sl 2

2"6, & factor of @ i intreduced, [The net resilt 0% ts W

is still less than 27, .04 mr D1
.05 mh D1
.06 sr 2
07 ts Tl

The j index in 10, is increased by one. 11.01 & 10.01
.02 ao 10.07
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The quantity jo-J is checked, as in 3., and the 12,01 ad C2
cycle is repeated if necessary. .02 e¢p 10,01
The proper address is sent ahead to 6., making 13,01 as 14,01
use of the td 6.01 already stored in 4,02, and .02 sp L4.02
after 4.02 the flow proceeds to 5.
The shape factor is stored in E5 and E6, and multi- 14,01 ts D8
plication by the projection from D3 and by the cube .02 ca Ej
of the breadth from Fl yields the appendage moment «03 mr Fl
of inertia about the centerline, The main integral .04 mh D3
has a scale factor of 2—3q*“—P-3 and the appendage .05 81 2
has a factor 2-3qfhﬁp-5’ so that the appendage must .06 ts D1
be mltiplied by 2°. The total factor is 2 TF'L, .07 ca E6
| .08 mr Fll
.09 mh D5
10 8l 2
.11 ad D1
.12 ad D8
The result is stored. 15.01 ts IGLO
To prepare to integrate the moment of area, the 16,01 ca Bl,0
jth breadth times 22 times the jth moment arm is U2 gl
stored in Fj. .03 mr L1
04 ts F1
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The j index in 16, is increased by one, as in 2. 17.01 ca 16.01
.02 ad Cl
.03 ts 16.01
.04 a0 16.03

.05 ao 16.04

The quantity Jo-j is checked, as in 3., and the 18.01 ad C2

cycle is repeated if necessary, .02 cp 16,01
The proper address is sent ahead to 6., using the 19,01 as 20.01
td 6.0l order already in 4,02 and the flow pro- .02 sp L.02

ceeds to 5.

S 2-p+2 to

The moment integral is multiplied by 36 20.01 mh E1
convert the relative distance factors which were 02 gl 2
taken from Lj to actual distances. The appendage .03 ts D9
moment equals the appendage area multiplied by the .04 ca Ll
moment arm, and the moment arm is % Plue the pro~- .05 mr El
jection times a suitable shape factor. The appen~ .06 ts D7
dage area is stored in DY and D6, the projection .07 ca E7
in D3 and DK, twice the shape factor in E7 and ES8, .08 mr D3
and the value % results from multiplying %6' 2P .09 ad Dy
stored in E1 by 15 E_h stored in L1, The scale .10 mh D4
factor will be 2—p—M. The projection has a factor 11 sl 4

of 272 and the factor of 2 in the shaps factor .12 ts DI10



gives the product also a factor of e—p-h. The
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20,13 ca E8
appendage scale factor, allowing for the 2-‘1“*'0-3 .14 mr D5
in the appendage area, is E“Q_EP_?. To match this .15 ad D7
with the 2T e=RFE32 Ly o tne G0, tive: wmin, Tutee .16 mh D6
et thsbarpsninge Ls mulbipited by 3 The total 17 sl &
scale factor is then 2 T °PJ, which still leaves .18 ad D10
the moment less than %. (The moment must be less .19 ad D9
than 213”'l times the area, or the center of flotation
sanld Be subside the ship.’ Bince w<gF *a, 1% fol-

1

lows that 2 F2P3, 4 ¢ 2—q—p—‘}a<§ )
The moment is stored. 21.01 ts MO

.02 ts D1
The center of flotation is formed and stored. The 22.01 dv D2
moment is less than the area as discussed under L0200 Bl 15
block 20., so the division is permissible. The or— .03 ts WEFO
der sl 15 must follow the divide operation to shift +O4 ts D11
the result into AC. The total scale factor is
o~12P-3 o4
;:EZEZH' =2 -
The breadth times moment arm stored in Fj is multi- 23,01 ca Tl
plied again by the moment arm to prepare to find .02 mr L1
the moment of inertia about the midshif station. «03 sr 1
The maximum values of the breadth times the square .04 ts F1

of moment arm are such that a factor of % must be
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introduced to permit integration to be carried
out according to the plan followed in dblock 5.,
hence the sr 1 order, The scale factor of the

breadth times the square of the moment arm is

a-qfa—h-h-l
The j index in 23. is increased by one. 24,01 a0 23.01
.02 a0 23.02
.03 a0 23.04
The quantity Jo—j is checked, as in 3,, and the 25.01 ad C2
cycle is repeated if necessary. .02 ecp 23.01
The proper address is sent ahead to 6., using the 26.01 as 27.01
td order in 4,02, and flow proceeds to 5. .02 sp L,02
The result of the summation is multiplied by 27.01 mr El
(%6)2 in order to convert the relative moment .02 mr El
arm (squared) into actual moment arm, The moment .03 ts D10
of inertia has the scale factor E"qfa_h_h—1-3"P-2P .04 ca D7
- 579-3p-10
22 . The appendage has two terms, namely .05 mr DJ
L= 'L
= (5-15 still stored in D7 with a scale factor of 06 e TLE
~p=}
2 ) and the shape factor (stored with a factor .07 ca D3
of 2) multiplied by the appendage projection squared .08 mh D3

(a factor of 22(—P-5)), gso a factor of 2 is introduced 09 sl 1
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in the latter term and both terms are multiplied 27.10 mr E9
by the appendage area (with a scale factor 2—q-p—3). .11 ad D12
When the appendage scale factor is corrected by .12 mh DY
mltiplying by 2, the appendage scale factor be- <13 sl il
comes 2—q-3p-10. .14 ts D1
«15 ca D5
.16 mh D5
«17% 8l 1
.18 mr E10
«19 ad D12
.20 mh D6
21 81 1
.22 ad Dl
.23 ad D10
The gquantity Igi is stored temporarily. 28.01 ts D10
WY my
The scale of o y formed by multiplying E: 29.01 c¢s D1l
from D11 by m, from D9, is o Ptl=a-2p-3 _ .02 mh D9
2-q—3p-2 while the scale of Iy, from D10, is .03 sr 8
m, 2
e Consequently, ) is multiplied .04 ad D10
by 2~ by shifting, and Iﬁii added (since both .05 ts D10
terms are positive their difference cannot ex- .06 ca Cl1
ceed one). The factor —Eéa—i is obtained by di- .07 dv El
viding 33‘3 . 2P (stored in El and known to be E%) .08 sl 15
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into §150 (stored in Glllgnd obviously~<-0, form— 29.09 mr D10
S e 3150 - 2"_*10 %E——i The product of this .10 ts MT O
quantity and the difference formed above is the
moment to change trim one inch, with a scale fac-
Yoriep g BP0t pra-Bpte,
In repeating the cycle, addresses referring to 30,01 ca 1.01
stations which have been increased during the cycle .02 su C5
must be restored, and addresses referring to water- .03 td 1,01
planes must be increased to the next waterplane. .04 td 16.01
In the case of Bj,i, the address must be changed .05 as Fl
from B 11,1 to B 1,1+l making use of the relation .06 tda 1.02
(B 11,i) - 210+l = (B 1,i) + 1 = (B 1,i+1), so the .07 td 10.01
constant 209 is stored in C 5 and is subtracted .08 td 10.07
from B 11,i. .09 td 16.04
.10 td 23,01
11 td 23,04
.12 as L1
.13 td 16.03
A4 td 23.02
.15 a0 7.05
.16 =0 7.13
.17 ao 9.02
.18 a0 15.01
.19 ao 21,01
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30.20 a0 22.03

.21

8

29,10

.22 &ao 8.02

To determine whether or not to repeat the cycle, 31.01 ad Ell
integreting over the next higher waterplane, it .02 ead C7
is necessary to determine whether the last water- 203 ep Sl.01

plane has been done or not., The quantity -(ts Ait+l)
is in AC as a result of 30.22. To this is added
Antl and then ts o0, leaving the quantity n-i in AC,
If this quantity is positive, the cycle is repeated,
An ie needed in 35. and 53. aleo; otherwise ts(Antl)

would have been stored in Ell instead of simply Antl.

The distance between two successive waterplanes is 32.01 ca Hl
formed and stored, starting with the bottom two. .02 su HO
The factor %, stored in C6, called for by Simpson's .03 mr 06
rule, is multiplied in at this time for convenience. .04 ts DH1
The 1*® vaterplene area is multiplied by its height 33,01 ca Al
(moment arm) and the product is stored. By storing .02 mh Hl
a zero in GO the base waterplane is automatically 0% 8L 3
taken care of. Since the contents of Hi is always .04 ts Gl

-
less then 2 7, a factor of 23 is introduced.
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The two blocks above must be repeated until all 34,01 a0 32.01
waterplanes have been covered. Therefore, addresses .02 ao 32.02
referring to waterplanes must be increased .03 ao 32,04
.04 ao 33.03
.05 ao 33,02
.06 a0 33,01
The quantity =(ca Ai+l) is in Ac as a result of 35.01 ad C8
34.06. The operation code portion is removed, by .02 ad Ell
adding ca O from 08, and the quantity Antl stored <03 ep 32401
in Ell is added, forming n-i. If the quantity is
positive the cycle is repeated.
Two successive values of ah are subtracted to de- 36.01 ca AH?
termine whether or not the interval length has .02 su AH1
changed. A small quantity stored in C9 is sube .03 su C9
tracted to prevent roundoff in the initial values .04 cp 39,01

of h and the formed values of ah from msking a
zero result have a positive remainder and appear
poeitive. If the higher interval is larger than
the lower one, it follows that the bottom point
of the three point integral to be formed should
remain at the value it had during the last inet~
gration, whereas if the two intervals are equal,
the bottom point is to be moved up one or two

notches.
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Whether to notch the bottom point up once or twice 37.01 ca AHL

depends on whether the bottom point was formerly .02 su AHO

the first point below the middle point, or whether .03 su C9

it was two points below the middle point., This is O cp B4.01

determined by finding whether the two intervals be-

low the top one are equal (in which case the first

case obtains) or unequal. Initielly, the question

which this block asks is meaningless, since there

is no Ahb. Therefore, zero is stored for AHO so

that the comparison will always be positive.

The bottom point is moved up one notch, 38.01 ao 39.01
.02 a0 41.01
.03 ao L4, 01
.04 a0 U6.01
.05 ao 48,01
.06 ao 49,01

Since the waterplane areas stored in Ai are all 39,01 ca A(=2)

less than % (see block 8.) the integration can be .02 ad A2

carried out directly., The initial three points .03 sr 2

are 0, 1, and 2, but the address in 39.01 will be .04 ad Al

increased twice (since the initial comparison in
block 37. will be positive) so that the correct ini-
tial address is the apparently meaningless A(-2).

A scale factor of 2 C is introduced in forming the

Sul,.
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The area sum is multiplied by the Simpson coef- 40,01 mh AH?
h
ficient 2——3- 27 giving a total scale factor of .02 8l 5

Al-arp-)-2tl-q o 24-5 gy e the total

volume of the ship is less than the maximum breadth
times the maximum length times the maximum height
of the ship, or 2RI D) . Ratp 4,
volume may be multiplied by 25, giving a total fac-

tor of 27 TP,

The volume up to the bottom point is added to the 41,01 ead
volume resulting from the integration. The initisl .02 ts
contribution must be added to the volume up to the «03 ts

base which of course is zero, and since V(0) would
logically contain the volume up to the base, V(0)
contains O, However, before the present block is
reached, the address in 40,02 will have been in-
creased twice (asa result of block 37.) so that
V(=2) is the proper initial address. It is asgsumed
that the third and fourth intervales are equal and
that each is twice as large as either of the bottom
two, which are equal. Hence, on the second time
through the cycle, the comparison in 36. will be
positive, and on the third time, 36. will be nega~
tive and 37. positive. The contents of V1, supposedly

the integral up to first waterplane above the base,

V(=2)
\ 7

D1k



cannot be calculated by Simpson's rule, but the
contents of V1 is immaterial since the restric-
tions just mentioned prevent the contents of V1

from ever being used,
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The volume (still in AC) is multiplied by 32—; 42,01 mr Cl2
from C12, forming the tons of displacement in .02 ts A2
salt water. The factor 35 is exact, since a
displacement ton is by definition 35 cubic feet.
The scale factor is 2—2q-p+5.
The fresh water displacement is found by multi- 43,01 ca DlbL
plying the volume by -gg from C13, «02 mr C(C13
.03 ts A2
The moment is less than % (see discussion under 44,01 ca M(-2)
block 20,) so that the sum can be formed directly, .02 ad M2
introducing & factor of 2 2. The initial sddresses .03 sr 2
are chosen as in 39, LOU4 ad Ml
The moment sum is multiplied by the Simpson coef=- 45,01 mh AH?
ficient 2-;13-, giving a total scale factor of 02 81 1

o~0~2p-3-2¥1-q _ -2q-2p-t .

by the volume, the result is B (horizontal distence

from the center of bouyancy tec the midship station),

Now when M., is divided



and this is not likely to be greater than =

30
+3
the length of the ship, or 2° . The scale fac—
oD o
tor associated with the volume is 2 9P, There-
fore, & factor of 2 can be introduced into Ml’

giving a total scale factor for ®B (when formed)

of E_P_3.

Page T4

The value of M, up to the bottom point is added 46.01 ad Ml(-e)
to the quantity resulting from the integration. 02 ts MlE
For a discussion of the initial values, see block 4l,

The division by the volume can safely be carried 47.01 dv D1k
out (see the discussion under U45.), and the result .02 sl 15
is stored as indicated, with scale factor 2 © -, .03 ts HB2
The product of area times height of the 1°B aten 48,01 ca G(=2)
plane (with a scale factor of 2“2‘1‘1’“1) is in G4 .02 ad G2
as a result of 33, The area was less than % and .03 sr 2
hence these terms are less than % and can be summed .04 ad Gl
directly. The result is multiplied by the Simpson .05 mh AH2
coeffic.ient a—gl This moment M, when divided by .06 sl 5

the volume, yields KB, the height of the center of
bouyancy above the base, a guentity which cannot be
greater than the height of the ship, or 2q-3. The

factor associated with MV' before shifting left, is
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2—2qyp-1-2+l-q = Q"JQPP-e and after division

by the volume the factor would be 2_3q’p_2'('2q'9)
= 2—q-2. Hence Mv can safely be increased by 25,
yielding a total scale factor for KB of 2-q+3
when KB is formed later. Initial addresses are

chosen as in 39.

The value of M_ up to the bottom point is added 49,01 ad

v
to the quantity resulting from the integration, .02 ts

for a discussion of the initial values, see block

Mv(-a)
M2

41,
The division by the volume can safely be carried 50,01 dv Dih
out (see discussion under block 48,) and the re- .02 81 15
sult is stored, with scele factor 2 T -, .03 ts KB2
I
A reasonable maximum of BM = — is about 7 times 51.01 sr 3
the height of the ship, or % 2%, The result of .02 ts D15
the division, without shifting, would have a scale 03 ca I,2
factor of 2 DL PH~(=BED) 0L o vt & Tac- .04 er 1
to0 S22 st e intreducet) iato I, before di- .05 dv D1k
vision. In order thet KB (which is in AC as a re- .06 sl 15
sult of block 50.) can be added to BM, KB is multi- .07 ad D15
plied by 2‘3, giving it the proper scale factor and .08 ts KM2

at the same time assuring that it is less than % 80
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it may safely be added to the %-which is the maximum

of BM., The sum is the quantity KM, with a scale fac-

tor 2—q.

The various addresses which depend on the water- 52,01 ao 36.01

plane chosen are increased by one in preparation .02 a0 36.02

for the next cycle, .03 ap 37.01
.04 a0 37,02
.05 a0 39,04
.06 ao 40,01
.07 a0 U1,02
.08 a0 42,02
.09 ao 43,03
.10 a0 44,02
+11 ao 44,04
.12 a0 45,01
.13 ao 46,02
.14 ao 47,03
.15 ao 48,02
.16 a0 Uug, 0k
.17 ao U49.02
.18 ao 5K0.03
.19 a0 51l.03
.20 ao HKl.08
.21 a0 39.02
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Exactly as in 35, the quantity n~i is formed, and 53.01 ad C8
if the quantity is positive, the cycle is repeated. .02 ad Ell
If negative, the program proceeds to block 55., on .03 cp 36.01
Flow Diagram II, .04 sp HK5,01
The orders appearing in block 38, are duplicated 54,01 ao 39.01
here, and flow is returned to 38. It would be pos- .02 a0 41,01
gsible to use this block to direct the flow through .03 &m0 U4, 01
38, twice, avoiding a repetition of orders here, .04 80 U601
but the nmumber of "red tape" orders which this pro- .05 a0 48,01
cedure would entail is only one fewer than the .06 a0 49,01
number of duplicated orders. .07 sp 38,01
The addresses of the temporary storage registers 55.01 as HI
X and W are changed throughout the program which .02 td 56,01
follows, and these must be restored to theirlini— .03 as X2
tial values before starting the program. Certain 04 td 62,02
addresses which refer to the particular station .05 as W2
involved must be increased to provide for pro- .06 td 63.05
gressing from one station to the next. .07 as X3

.08 td 66.01
.09 as W3

.10 td 69,05
.11 a0 56.02

.12 a0 5K9.15
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h

To determine the position of the deck at the jt 56,01 ca ==
station relative to the given waterplanes, the +02 su DHO
difference between the height of the ith water— +03 ©p HE.0L
plane ( initial value coming from 55.) and the

height of the deck, given in DHj (j is increased

by 55. so the correct initial j is 0), is formed,

If the result is positive, the waterplane is above

the deck, and the program proceeds to 58,

If the result of the above was negative, 56.01 57,01 ao 56.01
is increased to the next higher waterplane and .02 sp 5K6.01
the comparison is repeated.

D21 contains initially the number (B1,0 = HO - 58.01 ca C21
20) 55, Its contents is increased by 2 from .02 ad D21
C2l, meking it contain always Bl,0 =~ HO *+ 2(j=1). .03 ts D2l
To this quantity is added the value of Hp, which .04 ad 56.01
is the address of the height of the first water- .05 td 58.16
plane above the deck, determined just above. .06 su C22
This gives the address Bj,p in AC (together with .07 td 62.01
the ca operation code symboi which was in 56,01 .08 td 65.01
but which is not significant). The address is .09 su C22
sent to 58,16 where it is used to send the actual .10 td 65,04
ship breadth (which is stored in Bj,p) to X1 for .11 su C22

use in the integration program later. The address .12 td 65.08
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then is reduced by one from C22 repeatedly, and h8.13 su C22
the new addresses, Bj,p=-l; Bj,p-2; etc. are sent 14 td 6R.12
to the parts of the program where they will be . «15 ca e
needed to initiate the interpolation procedure. .16 ts X1
The eddress of the height of the waterplane ime 59.01 ca 56.01
mediately below the deck is formed by subtract- .02 su C22
ing 1 from Hp, formed in 56., and is sent to parts .03 td 63.01
of the program where it will be needed subsequently. +LO4 td 64,01
Similarly, addresses of the next lower heights are .05 td 74,03
formed and sent ahead, The value of hGG is sube .06 su (22
tracted from the actual deck height, stored in DHj .07 td 64,02
(again O is the proper initial value since j is .08 td T7h.01
increased by 55.), the result is mltiplied by 2° .09 td 75.03
and sent to Wl for use in the integration program .10 su (22
later, .11 td 7h4.04

12 td 75.01
.13 su C22
LA td 75.08
.15 ca DHO
.16 su E21
i

18 ts W1




The address 71.0l1 is sent to 70.01 to direct the
flow properly, since this will be the first tra-
versal of the interpolation program and special
procedures must be used for interpolating between

the initial two points.
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60.01

as

71.01

.02 td 70,01

The first interpolation must be carried using the
initial interpolation coefficients stored in the
block of registers IIl,m so that KIl,m for m=1,
2, 3, 4, is sent to the 65. group where the in-
terpolation is actually done. It is as simple

to use the as operation repeatedly as to add 3

to Kll,m to form KII, mtl.

The breadth is known (need not be interpolated
for) at every fourth waterplane, but the value
must be stored in its proper place in the X block
of registers for use in the integration later,
The addresses come initially from 55. and 59.,

and afterwards from 72.

The height corresponding to the known breadth
above minus the distance from the base to the

assumed KG (i.e., h,= hCG) is formed, multiplied

i

61.01 as K11
.02 td 65,02
.03 as KIl,?
.04 td 65.05
.05 as KIl,j
.06 td 65.09
.07 as Kll,h
.08 td 65,13

62,01 ca —-
.02 tg o~

63.01 ca —
.02 su El
.03 gl 2
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by 4 by shifting, and stored. Since the distance 63.04 ts D22
from KG to the waterplane is also needed later it 05 tg —=
is stored also in a temporary register. The ad~
dresses come from 55. and 59. initially and from

72. afterwards,

The sddressss of the i > and 1-1'B waterplane 64,01 ca =
heights have been sent initially from 59, and .02 su =
later from 72., so that Awi, the difference .03 te D23
between the i'C and 1o heights, is formed .04 ca C23
directly and stored in a temporary register for .05 ts D24

use in forming the heights at the interpolated
points. The value O (not 1, for a reason given
below at 67.) is stored temporarily for use as
the index £ in counting the number of interpo-

lations made between two adjacent points.

The actual interpolation is done straightforwardly 65.01 ca -——
by forming the sum of the products of the four .02 mr --
known breadths, the addresses of which were sent .03 ts D25
from 58, initielly and later changed by 77., with 04 ca —-
the predetermined Legrange interpolation coef- 05 mr -
ficients, the addresses of which were supplied .06 ad D25
initially by 61., later by 76., 78., or 79., and .07 ts D25

finally by 81, The accumilated product is possible .08 ca --
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since the coefficients are less than one, and 65.09 mr =
the breadths less than % so that the sum of .10 ad D25
four products is less than one., The result is .11 ts D25
shifted left once to compensate for the factor 12 ca =
of % in the coefficients and left in the ac- A2y s
cumulator momentarily. .14 ad D25
.15 sl 1
Logically important because the index i is 66.01 tg ==

changed here but not in 65, after the first
and before the last interpolation, the block
is coded quite simply, the address coming from

55. initielly and being corrected from 72.

The quentity -2 is formed by the devious route 67.01 a0 D24
of forming (.£=1)+1-2, since it is desirable to .02 ca D24
keep £~=1 in storage so that after the index has .03 su C24
already increased the numerical value Z rather 04 cp 76.01

than Z+1 will be available for use in 69. A
positive result in 67. directs flow to 76., rather
than to 70. as the flow diagram indicatesg, to take

care of the initial case (see page 41, line 1).

The index £ is increased in the required places 68.01 a0 65.02

by streightforward application of the add one .02 a0 65.05
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operation. 68.03 ao 65.09

. Ol

8

65.1%
.05 a0 66,01

.06 80 69.05

(= /-Awi) is formed by multiplying the value 69.01 ecs D23
of =aw, by Z- 2"15, holding full product, and .02 mh D2h
than multiplying the product by 215 by shifting .03 8l 15
left, and h(hi-hCG) is added. The address to .04 ad D22
which the result is sent, in the W block, is .05 tg ==
provided originally by 55. and later corrected .06 sp 65.01
by 68. and by 72.

This block is used only to direct the flow pro- 70.01 sp =—

perly after the initial set of interpolations.

Following only the initial set of interpolations, 71401 as 73.Q1
the prozram moves from 70. to 7l. where a new ad- .02 td 70,01
dress is sent to 70. in order to redirect the flow

for later interpolations.

Substituting i-l1 for i involves subtracting one 72.01 ca 62.01
fz-'om some of the addresses in 62,, 63., and 6k, .02 su (22

In places where i appears with a minus sign, in 03 td 62.01
p-i, decreasing i by 1 amounts to increasing the .04 ca EL,02

given address by four. In blocks 66. and 69., .05 td 63,01
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the address should apparently be increased by 72.06 td 64,01
four, but since block 68. (by increasing £ ) .07 su C22
has already increased the addressed by two, .08 td 64,02
they need only be increased by two here, there— .09 ca 62.02
by substituting i~1l for i and restoring 1 for .10 ad C26
4, both at once. <11 %4 62.02

.12 ca 63.05
.13 ad C26

LA td 63.05
.15 a0 66,01
.16 8o 66.01
.17 ao 69.05
.18 a0 69.05

.19 sp 62.01

The index i has not actually been stored separately, 73.01 ca C25
but is svailable in the form ca Hi, in block 63. .02 su 63.01
The interpolation just completed has covered the .03 cp 80.01
interval between the ith and the i—lth waterplane,

Consequently, if i=2, the next interpolation is

to be the last, while if i2> 3, the intermediate

procedure is to be followed, The guantity 3-i,

which will be negative if i 23, can be formed in-

directly by forming ca HY - ca Hi, The quantity

ca H? is hence stored as a constant, and the dif-

ference is easily formed.
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The choice of the proper interpolation coefficients 74,01 o ==
depends on the spacing of the given waterplanes te-~ +02 8l 1
tween which the interpolation is to occur, If the .03 ad -~
interval just completed is larger than the one O4f ad --
ebout to be started, block KIII of coefficients is .05 su C26
to be used, while if these intervals are equal, the .06 ep 78.01

choice depends on the spacing of the interval about

to be started compared with next interval below it.
Since (h,=h, )=(h; ,-h, ;)= -2h; + h*h, ., the
formation of the difference of the intervals is con-
veniently carried out as indicated by the program,

A emall constant is subtracted te make sure that
rounding off the values of h when they were initially
put in the machine cannot cause a zero result to ap-
pear to be positive. If the result is truly positive,

the subtracted quantity is too small to have any ef-

fect.

The next two intervals are compared, as in Tk, 75.01 su ==
Since the small negative quantity remained in AC, .02 sl 1

it need not be subtracted again. Block 76. has 03 ad =
been moved to 2 new position (see block 67.), =o L0k ad —-
flow is directed to 77. .05 ep 79.01

.06 sp 77.01
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Since all three intervals were equal, the equal 76.01 as K1l
interval coefficients in block K . are to be .02 td 65,02
used in the interpolation, and the values of +03 as KIIl,E
K 1,m for m=1, 2, 3, 4 are sent to 65. As 04 td 65,05
is mentioned under block 67., this block be- .05 as K .1,3
longs ahead of block 70., so flow is directed .06 td 65.09
to 70: .07 as KIII,N
.08 td 65.13
.09 sp 70.01
Decreasing 1 by one is 2 laborious but straight- 77.01 ca 65,04
forward process of subtracting one from the ne= .02 td 65.01
cessary addresses, By choosing &n address alresdy .03 su C22
containing i-1 instead of choosing one containing .04 td 65.04
i, the first subtraction can be avoided. From .05 su C22
here the flow must always proceed to 72., hence .06 td 65,08
the sp operation at the end. .07 su C22

.08 td 65.12
.09 ca 74,01
.10 td 74.03
11 su C22

.12 td 74,01
.13 td 75.03
.14 eu €22

.15 td 74,0k
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77.16 td 75.01
.17 su C22
.18 td 75.04
+19 sp 72,01
If the comparison in 74. was positive, the coef- 78,01 as KIIIl’
ficients designed for the spacing 2, 1, 1 mst .02 td 65.02
be used in the interpolation, and the values of .03 as KIIII’
K iom for =1, 2, 3, L are sent to 65. From 04 td 65,05
here the flow must always proceed to 77., hence .05 as KIIII’
the sp operation at the end. .06 td 65.09
07 as KIIII’
.08 td 6%5.13
.09 sp 77.01
If the comparison in 75. was positive, the coef- 79.01 as Ki.1,1
ficients designed for the spacing 1, 1, % must be .02 td 65.02
used in the interpolation, and the values of .03 as KIVl’E
K ylm for m=l, 2, 3, 4 are sent to 65. From here 04 td 65.05
the flow must always proceed to 77., hence the sp 05 as K 1,3
operation at the end, .06 td 65.09
07 as K,.1,h4
08 td 65.13
.09 sp T77.01

il

2

3

n
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At the beginning of this block AC contains the 80.01 ed C22

positive quantity 3~i since 80,01 can be reached .02 cp 82.01

only by the cp operation in 73. Now if i=2, there

is a finel interpolation to be mede, while if

i<€2, the interpolations are complete, so that

2=1 must be formed, by simply adding one to 3-i

already in AC.

The final interpolation coefficients must be used 81.01 as Kvl,l

in the interpolation, and the values of Kvl,m .02 td 65,02

for m=1, 2, 3, 4, are sent to 65, From here the .02 as Kvl,E

flow must always proceed to 72., hence the sp .04 td 65,05

operation at the end. .05 as Kvl,j
.06 td 65.09
.07 as Kvl,h
.08 td 65,13
«09 sp 72.01

Since the last interpolation has been done, the 82,01 ca 65.12

bottom of the ship has been reached. The values .02 td 82.09

of bresdth and four times the distance from KG .03 ca 62,02

(which in this case is simply -thG) miet be stored. .04 ad €26

The address Bj,0 can be obtained from 65.12, while .05 td 82,10

X(Up=6) and W(4p-E) are in 62.02 and 63.05 so that .06 ca 63.05

X(4p=2) and W(ip-2) are easily formed, .07 24 C26
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82,08 td 82.13

«09 ca -
.10 tg ==
«11 cas EZ21
12 @l 2
.13 ts -
From the height of the deck (in W1), and of the 83,01 ca Wl
subsequent interpolated waterlines (in W2, etc.) 02 mr O'l
and the corresponding breadths (in X1, etc.) it .03 ts D31
ie a simple task to calculate the rotated coordi- Ot ca X1
nates of the points 2long the right-hand side of 05 81 1
the ship section. .06 ur 6l
u = g'sinﬁ + w cos@ .07 ad D3l
= % cos® =~ w sind .08 ts D33
Sincé the values of w were given a scale factor »09 ca Wl
of 22 when they were formed, the value of % must .10 mr 6l
be multiplied by o2 4o match, hence b is multi- .11 ts D32
plied by 2. wi2h cal X1
4% 8l¢ 1
.14 mr &'l
.15 su D32

.16 ts D34
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Before any trapezoidal integration can be carried 84.01 sp 85,01

out, it is necessary to have two points, i.e., to

have a point with index L=l as well as £, so the

initial procedure is different from the succeeding

cycles of the program. The sp order will be modi-

fied from 85, and restored from 1ll2.

The sp order in 84, is modified as required, and 85.C1 as 87.01

the initial values of u, and t, are relocated in .02 td 84,01

storage so that they become u, , and ty_1e .02 ca D33
.0t te D35
.05 ca D34
.06 ts D36

In a similar fashion to the procedure used in 83., 86,01 ca Wl

the coordinstes of the points on the left~hand .02 mr @'l

half of the ship section are calculated and stored. 0% %8 D3L

In the initial cycle (i.,e., when this group is .04 cs X1

reached from 85, rather than 106.) the first values .05 s1 1

of u, and t, were calculated on the right-hand .06 mr Ol

ship, so that the effect is to spesn the deck of .07 ad D31

the ship, which is assumed flat. .08 ts D33

= - % sin® + w cos@ .09 ca Wl
t == % cos8 -~ w sin® .10 mr &l
The factor 2 is introduced into the breadth as in SRR A



Page 91

block 83, 86.12 cs X1
i3 sl 1
.14 mr o'l
.15 su D32
.16 ts D34
In preparation for the trapezoidal integration 87,01 ca D33
(or the possible linear interpolation) to follow, .02 su D35
the length Au, along the vertical CC' between .03 ts D37
the two is determined directly.
Since it is desired to integrate only down to a 88.01 ecs D33
desired waterline, it is necessary to know whether .02 ad quo-l
the new point u, is between the same waterlines as 4035 epl 9T 01

the old point w, 1 oF not. It is first compared

1
with the desired line immediately below Uy qe Ini-
tially v, is at the deck of the ship on the right-

hand (upwards) side, and is consequently nearly (at
least) the highest point on the ship. It may
reasonably be assumed to be above the highest de-—
sired waterline, the value of which is in Wquul.
To make group 89. follow 88. properly, the compari-

son is reversed from that shown in the diagram,
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any two desired waterlines will not exceed %
of the maximum height since 2b<% and Lw< %,
both t and u nust be € .6, so that %-(max. u)-
(max., t) -+ %. Thus a scale factor of 23 could

be introduced into the area, but because it is

Paralleling the procedure in 88., the value of 89.01 cs Wqu
U, is compared with the desired waterline im= .02 su D33
mediately above W, q° The value stored in Wqu .05 ep 101.01
is higher than u, can possibly be, namely 1—2-15.
Since u, is in the same range as w, 1 the ap- 90,01 as 103,01
‘propriate address for such & case is sent ahead .02 td 96.01
to 96.
To prepare for the trapezoidal integration, the 91,01 ca D34
sum of the two breadths t, + tl-i-l is formed and +O2 sr 1
stored, with a factor of -;-— introduced since t, .03 ts D3l
may be greater than % and the sum therefore .04 ca D36
greater than one, +05 sr 1
.06 ad D31
.07 ts D38
The area of the trapezoid is formed from 92.01 ca D38
%Zt’('Aut . By choosing 17 waterlines it .02 mh D37
seems safe to a2ssume that the area between 203 “api 2
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to be integrated, to form the volume, over
11 stations, with the sum of the Simpson
coefficients equal to 30, a scale factor of
2_5 is also called for., The factor % called
for by the trapezoid rule has already been
introduced into 2t, . Consequently, the to-
5. 2-5- cj= 2_€c.j
the Simpson coefficient). For the initial

tal multiplier is 2 (cj being

case, cJ.=l, and its later values are supplied
from 124., 126., 127. Actually, of course, ¢
appears in the number of shifts in the sr or-
der., Since the result is used immediately, it

is not stored.

The contribtution of the £°P trapezoid in the 93,01 ad
jth station is added to the accumulated total .02 ts
volume between the qt'h and (q—l)th desired

waterlines at the kt'h angle of inclination.

Vl,qo

1, qo

The moment of the area is simply the area times 94.01 ca

1

3 the moment arm, which is in turn %'itz . Con- .02 mh
=11 2

sequently, the moment = 3 (5 £t, YL A u, . This .03 sl

product is <-]2; (.6)2(.6)% < 2—6 gso that a factor .04 mh

of 26 could be introduced into the moment of the .05 sr
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area, but agein a scale factor of 2_5 is
necessary to allow for the volume of inte-
gration, so that the scale factor is 21.

The multiplier is then 3 2c Two shift

2 3

operations are necessary so that the second

one, used for cj, is the seame as that used

in 92.

As in 93., the new contribution is added to the 95.01 ad Ml,qo'
moment integral, 02 ts Ml,qo
Depending on whether the trapezoid includes a 96.01 sp -~

desired waterline as its upper limit, its lower
limit or not at all, the program proceeds to
108., 107., or 103, respectively, the addresses

having come from 10l., 97. or 90.

Since the new point has gone below a desired 97.01 as 107.01
waterline, it is necessary to form the inte- 02 t4 96.01
grals up that waterline first, and then inte-

grate from the waterline to the new point by

repeating the cycle, ¥irst the proper address

mist be sent to the sp order in 96, to direct

the flow for this case.
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The desired waterline takes the place of u, 98.01 ca WLg -1
0

for the time being. The waterline address .02 ts D39

is modified from 107.

The length of the interval from L to the 99.01 su D35
waterline is formed. Linear interpolation yields .02 ts Dhl
the value of t at the waterline (tg,). The com= .03 ca D34
parisons in 88, or 89. leave no possibility that LO4 su D36
the interval from u, 5 to the desired waterline .05 ts D32
is greater than or equal to Au, , so the di- .06 ca Dl1
vision is permissible. Note that Uy is left .07 dv D37
in AC from 98. Zt, is formed, with a scale .08 sl 15
factor of —;- since t, may be greater than one .0 mr D32
half and Zt, could therefore exceed one. .10 ad D36
.11 ts DLO
w12 8ry 1
«13, ts D31
.14 ca D3p
+15. ar .1
.16 ad D31
.17 ts D38

The values v, and t,, may be stored in place of 100,01 ca D39
Y, and t'.!-l since the latter are no longer needed .02 ts D35
and the former will become u, 1 and t,_1 in the .03 ca D4o
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next cycle. The newly calculated Au,, takes 100.04 ts D36
the place of the earlier Au, for use im- .05 ca Dil
mediately in the trapezoidal integrations. .06 ts D37
Flow must now proceed to 92., hence the sp 07 sp 92.01
operation.
As in 97., since the new point has gone above a 101,01 as 108.01
desired waterline, integrals must now be taken .02 td 96.01
only up to the waterline, and then integrals be-
tween the waterline and the new point will be
formed by another cycle, First the proper address
must be sent to the sp order in 96. to direct flow
for this case,
As in 98,, the desired waterline takes the place 102.01 ca WLqO
of u, for the time belng. The waterline address .02 ts D39
is modified by 108. Flow must now proceed to 99., .03 sp 99.01
hence the sp operation,.
Having completed one trapezoid, the program must 103.01 ca D33
prepare for another. The end point u, ,t, of .02 ts D35
the last trapezoid becomes the initial point .03 ca D34

- - D
%{-l’tlnl of the trapezoid-to-be. »O4 ts D36
When this block is reached for the first time, 104.01 sp 105.01
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the integration will have gone across the deck
and will be ready to start down the left~hand
side, In this case the flow should proceed to
105. However, after the left side is completed
and the computation goes up the right side, flow

should proceed to 11l1.

The addresses in 86, are modified to permit de= 105.01 ao 86.01
termination of the rotated coordinates of the .02 ao 86.04
next lower point on the left-hand side, .03 ao 86.09
.04 a0 86.12
To determine whether the bottom of the ship has 106.01 ca 82.13
been reached, the address from which the next .02 su C31
interpolated height is to be taken is compered .03 ad (32
with the address of the height at the base line .04 su 86,01
(obtained from block 82, of Flow Diagram III), .05 cp 86.01
Note that the operation codes must also be sub- .06 sp 109.01

tracted out, If the process is complete (next
address greater than address at bottom) flow
proceeds to 109., while if the bottom has not

been reached, flow returns to 86.

If the trapezoid included a desired waterline as 107.01 ca 88,02

its lower limit, the new point is in a lower range .02 td 89,01
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than the old point, so that addresses muet be 107.03 t4 102,01
changed in 88,, 89., 93., 95., 98., and 102. .04 su C33

Flow must then return to 87., hence the sp .05 td £8,02
operation. .06 td 98.01

.07 ca 93.01
.08 su C33

.09 td 93.01
.10 td 93,02
.11 ca 95.01
.12 su C33
.13 td 95,01
AU td  95.02

.15 sp 87,01

Similarly, if the trapezoid included a desired 108.01 a0 88,02
waterline as its upper limit, addresses must be .02 a0 89.01
changed as in 107., except that increasing is .03 a0 93.01
easier than decreasing by virtue of the ao op- Ot a0 93,02
eration. Flow must then return to 87., hence .05 8 95,01
the sp operation, .06 a0 95.02

.07 a0 98.01

.08 a0 102,01

.09 sp 87.01

Since the bottom of the ship has been reached on 109.01 ca 82.13
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the left-hand side, the next point should be 109.02 td 83.01
picked at the bottom on the right~hand side, 07 td 83.09
Hence the addresses Wp -2 and Xp -2 must be .04 ca 82.10
sent to 83, In future cycles it will be nec- .05 td 83,04
essary to have set the addresses in 86. back .06 td 83,12
to the top of the ship, i.e., to W1 and Xl. .07 as Wl

.08 td 86.01
.09 td 86.09
.10 as Kl

.11 td 86,04

.12 td 86,12

Since the integration is starting up the right- 110,01 as 111.01
hand side, the proper address must be sent to .02 td 104,01
the sp order in 10%. to direct future flow. .03 sp 83.01
To determine whether the top of the ship has been 111.01 ca 33,04
reached on the right-hand side, the address from .02 su C3u

which the last interpolsted breadth was taken is «03 ecp 121.01

compared with the address of the breedth of the

deck.
The deck having been reached, the flow-directing 112,01 as 85,01
sp orders in &4, and 10U, are set up for a new .02 td 84,01

cycle, .03 as 105.01
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112,04

td

104,01

To determine whether all the angles have been
completed, the address of the last used Ok is

compared with Qk .
0

113.01

.02

.03

ca

su

cp

€35
83,06

122.01

The last angle having been completed, the pro-
gram is reset to the initial angle values for

a new cycle,

L
.12
.13
.14
.15
.16

as

td

td

td

as

td

td

td

td

td

td

as

td

td

o1

83.06
83.10
86,06
.10

To determine whether all stations have been

completed, appropriate addresses are compared.

115,01

.02

ca

su
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At this point it should be remembered that Flow 115,03 ¢p 123.01
Diagram II is a part of the large cycle involved
for integreting each station, and the address

indicating the station last used is in 56,

All of the integrations between waterplanes hav- 116.01 eca V1,1
ing been done, the actual values of the integrals .02 mh El
up to the various waterplanes must be formed. 05 sr 2
This involves multiplying each "integral® by the .04 ad V1,0
Simpson's rule factor (in this cese %6 elready .05 ts V1,1
stored in El), The integrals between waterplanes

must then be summed to form the integrals up to
each waterplane, and a scale factor of 2-2 must be
introduced before this is permissible. The sum-
mation will be done in a double cycle, the first
step being to select the integral in the lowest
interval, multiply it by the Simpsen factor and

the scale factor, add to it the integral up to it
(in this case the integral up to the bottom, which
is of course zero, so that zero is stored in Vk,0 and
Mk,0 for all k). (Note that this storasge setup is
not included in the flow disgram.) The total scale
factor assoclated with V is 22(-q+2)-2—p-2= oo
which is in accord with volume scale factor for the

upright integration and is safe.
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The values of moment are summed in & manner ex- 117.01 ea Ml,1

actly analogous to that in 116, The total scale .02 mh El

factor is reasonably safe but for absolute assur- =03 8T 13

ance another 2“3 should be inserted, permitting the .04 ad Mi1,0

moment to be the total maximum volume times % the 05 ts Ml,1

maximam breadth. ZEven with the factor as it stands,

the maximum moment in the typical study would have

only & binary digits.

The quantity q (index, not scale factor) is not 118,01 ao Du2

readily available in an address, since the ad- +02 ecp 128,01

dresgses have double indices, and it becomes ex- <03 e8 C37

pedient to store an index equivalent to g in tem- .04 tg D2

porary storage D42, Its initial velue may as well

be -q, 80 that if it is increased by one each time

it will become zero when the cycle has been com~

pleted qo times, because the ao order leaves the

negative of the quantity in AC. The mimis sign

is desirable. When the index becomes zero, it

should be restored to =G, for the next cycle.

The comparison for kb is simple since the first 119.01 ca 116.01

index q is already stabilized at G, Notice that .02 su C38

the sign of the comparison differs from that shown .03 ecp OUTPUT
PROGRAM

in the flow diagram in order to permit 120. to fol-

low 119. directly.
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The next cycle must be done with k increased by 120,01 a0 116,01
one. Furthermore, g should be restored to one. .02 a0 116,04
Only one need be added to each address since .03 a0 116.05
(k,qo)+1=(k+l,l). .04 ao 117,01
.05 ao 117,04
.06 ao 117.05
.07 sp 116.01
After 111., the top of the ship having not been 121,01 cal 83,01
reached, the next higher point must be chosen by .02 su C33
g3, This involves reducing the addresses by one. .03 td 83.01
.04 td 83,09
.05 ca 83.04
.06 su C33
.07 td 83.04
.08 td 83.12
.09 sp 83,01
After 113., not all angles having been completed, 122.01 ao 83,02
the addresses in 83%,, 86., 93., 95., must be in- .02 a0 83.06
creased to prepare to take another angle, The ad- .03 a0 87.10
dresses Vk,qo and Mk,qo must be increased by q, .04 ap 83.1L
since (k,q°)+q°=(k+1,qo). .05 ao 86.02
.06 8o 86.06
.07 ao 86.10



Page 104

122.08 ao 86,1k

.09 ca 93.01
.10 =ad C37
.11 td 93,01
.12 td 93.02
« L3 en,) 95.CL
14 ad C37
.15 td 95.01
.16 td 95.02
«17 ap 83,01

After 115., the quantity jo—j is in AC., If 123.01L su (033

J -1 is negative (zero), the next cycle will .02 co 125.01

be the last and the Simpson coefficient should

be one, Otherwise, the Simpson coefficient will

be two or four,

The Simpson coefficient is given its initial 124,01 as 2

value. Flow must now return to 55., hence the .02 td 92.03

sp order. .03 td 94.05
.04 sp 55,01

If the Simpson coefficient was two or one, it 125.01 ca ClO

should become four, and if four, two. To de~ .02 su 92,03

termine what it was, sr 1 is subtracted from 03 cp 127.01
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the sr order. If the coefficient was one

(sr 2) or two (sr 1) the result is negative.

The proper number of shifts is put in AC, Since 126,01 as O

the orders to transfer the digits to the proper .02 sp 1l24.02

places are already in 124., along with the sp 55,01

order, an obvious saving resulte by ordering

sp 124.02.

Again the proper number of shifts is put in AC 127.01 as 1

and the flow is directed to 12,02, .02 sp 124,02

After 118.,, to repeat the cycle with gtl in place 128,01 ac 116.01

of q, the appropriate addresses are simply in- .02 =20 116.04

creased by one, .03 a0 116.05
.04 a0 117.01
.05 ao 117.04
.06 a0 117,05
.07 sp 116.01
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VII - Summary

Required data and assumptions

In the progrem as given, the following data are required:

1)

2)

3)

)

5)
6)

7)

8)

The breadth of the ship at eleven equally-spaced sta-
tions at i0 waterplenes starting at the base, where
the ioth plane is above the deck of the ship at every
station, and the breadth at the deck is given in lieu
of the breadth at the waterplane above the deck,

The heights of the waterplanes at which the breadths
are given.

The height of the deck at each station,.

The length of the projection forward of ¥.P., and aft
of A.P, for every waterplane (zero is the value in
most cases).

The shape factors for the fore and aft appendages,
The height KO to be used in determining cross curves.
Optional -~ The angles and waterpleanes to be used in
finding cross curves. These could equally well be
chosen once and for all, using relative rather than
absolute heights for the waterplanes.

Optional =~ The number of waterplanes at which data
are given and the number to be used in calculating
curveg of forms The computer could count the number

given, determine the highest waterplane below the
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deck at 211 stations, and calculate curves of form

up to that plane.,

It has been assumed that the waterplanes for which
breadths are given are spaced from the base in the ratio 1,1,2,..
oy Bl o ARSI, | o Sl E

It has been assumed that the appendages do not contribute
more than about 5% to the area and 10% to the moment of inertia about

the midship station. These assumptions are eagily modified.

Estimate of errors

The validity of Simpson's rule for the integrations in
upright position has been tested experimentally on the typical study.
The values needed for the curves of form were all calculated and
were found to agree well with the values obtained by the convention-
al method, except at extremely shallow drafts, where percentage dif-
ferences between results went a&s high as 10% or more., Neither Simp-
son's rule nor an integraph is likely to be very accurate at shallow
drafts and it would be hard to say which is the more accurate. At
more normal drafts, results are better and for the most part the dif-
ferences between the Simpson rule resvlt and the Tchebycheff result
are within the least errors which are expected., C. L., Wright, Jr.,
states in a letter dated November 9, 1948, that he believes the er-
rors in the conventional method of calculation as illustrated are
within the following limits:

"(a) Displacements, tons per inch immersion, and moments
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to change trim one inch within C.5%.

"(b) Heights of centers of buoyancy and of metacenters
above the keel within 0.2% of the beam of the vessel.

"(c) Distances of centers of buoyancy and of centers of
flotation from midships within 0.1% of the length of
the vessel,

"(d) Righting Arms within 0.2% of the beam of the vessel."

Computer storage regquirement

The program requires 758 orders, and hence 758 storage
registers, Data storage, allowing for twenty waterplanes, re-
quires about 320 registers. There are about 130 constants which
must be stored. The results will occupy 120 registers for curves
of form and 420 for cross curves. Temporary storage as glven re-
quires about 250 registers, but by proper assignment, making use
of each register as often as poesible, this requirement can be re-
duced to at most 150. The total requirement is then about 1600
registers, well within the 2048 provided in the Whirlwind Computer,

It should be pointed out, however, that the 420 register
requirement for cross curves is for points at 16 depths at 15 angles,
there being two coordinates for each point. The program can easily
be made to give closer spacings of points both in angles and depths,
but the process cannot be extended very far without exceeding the
storage capacity of the machine,

Computer time requirement

To estimate the time required to perform the program given,
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it is necessary only to estimate the number of times each block
will be gone through in the course of a complete computation,
Consldering the first Flow Diagram, the total number of orders is
the following, where "1. to 31.", for example, means the sum of
all the orders in blocks l. through 3l.:
3 (1. to 3. )44 HU(5. to 6.)47. to 9.+j (10. to 12.)+ 13. to
15.+3°(16. to 18.)+19. to 22.+j0(23. to 25.)126. to 31.

(nt1)+(32. to 35.)nt(36. to 53.)(n-1)

3930n+308n+3930+16u.

For Flow Diagrams II and III a little more approximation is neces-

sary, since some of the alternative paths depend on the shape of

the ship, but a good approximation is:
3, 55.+1°(56. to 57.)+58. to 61.+1o 62. to 64.+4(65. to 67.)
+3(68. to 69.)+70. to 78. +82tkc u10(83.+su.+86.)+310(87. to 96.)
+q0(87.+88.+92. to 102.+107.+1os.)+310(103. to 10&.)+u10(105.
+106.4111,4121.)+109.+110.4112.+113.4122, +114.4115.4123.+125.+126
+k_ qb(116. to 118.+128.)+119.+120.

= k+2031 j + + +
—u631°jo A eo,io.;o 99,1o 20k0 101:0

If the values as given in the program are substituted, these results
yield: 7h4On + 550 for the curves of form and

80000 io+ 5000 for the cross curves.
With values of 15 for n and 20 for i these become 11600 and 1,600,000
respectively., The total computing time would then be about 30 seconds,

with less than % second required for the curves of form alone.



BIBLIOGRAPHICAL NOTE
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reader.

A very helpful standard text on navel architecture is:
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Volume 1, New York, 1939.

A general discussion of programming for digital compu-
ters, which includes (in Part II, Volume II) detailed codes for in~

tegration and interpolation is:

Goldstone, H, H,, and von Neumann, J., Planning and Coding Problems
for an Electronic Computing Instrument, Parts I and II, Prince~
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